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FOREWORD

The design analysis procedures of shock isolation systems to protect
equipment within hardened structures are presented in the manual by the
use of two computer programs, ISIP and ISIP2. ISIP is formulated on the
basis of considering the shock isolation platform and the equipment on it
as a rigid body six-degree-of-freedom system having large response ampli-
tudes. ISIP2 is capable of analyzing shock isolation systems having relatively
flexible platforms. Both ISIP and ISIP 2 accept acceleration-time history
excitation. For a given shock spectrum, one of the subprograms, WAVSYN,
synthesizes the required excitation as the first step toward problem solution.
The guidelines for the selection of using ISIP or ISIP2 are provided.

The manual is divided into four parts as follows: Part I, Design and
Theoretical Considerations; Part I, User's Instructions For Computer Programs;
Part III, ISIP and ISIP2 Program Listings; and Part IV, Examples.

The manual is a consolidation from several previous studies on shock
isolation design analysis under the direction of the Huntsville Division, Corps
of Engineers. Much of the information in Part I and Part II is extracted from
"Development of Standard Design Specifications and Techniques for Shock Isola-
tion Systems", Vols I, II and III (SAF-37) prepared by the Ralph M. Parsons
Company. The material in Part III and Part IV is based on a report (SP-232-
0594) prepared by the Space Support Division of Sperry RaE-CbdYpbtat1in,
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PART I

DESIGN AND THEORETICAL CONSIDERATIONS



SECTION 1: INTRODUCTION

1.1 BASIS FOR STUDY.

The need for protection for both equipment and personnel from in-structure

shock environments generated by the nearby explosion of a nuclear weapon was inves-

tigated in the early phases of the NIKE-X program. Although a consensus has yet to

be reached regarding a requirement for protecting personnel, it was determined that

the predicted level of shock environment to which both personnel and equipment

might be subjected to under nuclear attack was so low that the isolation of equip-

ment was unnecessary. Accordingly, no shock isolation systems were considered in

the design of the early NIKE-X facilities.

As more descriptive prediction methods were developed and employed, however,

estimates of the shock severity were revised upward to a level where, if commercial

grade facility equipment were to be installed without modification, there would be

serious concern regarding its capability to survive. Estimates regarding equipment

survivability could not be made during the initial design phase of a facility since

the equipment was to be procured by open bidding subsequent to completion of the

facility design. Consequently, no data on specific items of equipment was avail-

able during the initial planning. Moreover, a survey conducted by the U.S. Army

Engineer Division, Huntsville (USAEDH), revealed that if a fragility level require-

ment wab imposed upon the equipment manufacturer, the added cost of the equipment

would far exceed that of protection by shock isolation. If equipment already

developed, produced, and proven to be capable of surviving given shock environment:,

were to be specified, USAEDH also estimated that the overall cost of the facility

would be significantly higher.

Thus, early in the SAFEGUARD program, a study effort was initiated by USAEDI!

to identify the commercial equipment items which should be isolated, to establish

the performance objectives of the isolation systems, and to formulate shock isola-

tion system design and design verification procedures.

1.2 BACKGROUND.

Transient motion environments generated within most protective structures

by their exposure to effects of nuclear weapons are so severe that shock protection

1-3
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must usually be provided for some critical items of equipment ai.d, oftott, Lt,,

personnel. As in the analysis conducted by USAEDH, the decision to hard moiut

ti to shock isolate eqiiipment usually Is based on consitlera Lion1 oIL economy.

Sometimes it is less expensive to shock isolate commercial grade t-quiplitent than

to design the equipment to survive hard mounting. Even when special equipment

must be designed to meet operational requirementsthe cost of incorporating

sufficient ruggedness to withstand the predicted motion environment is often much

greater than that of constructing less rugged equipment and providing shock iso-

lation. Further, the performance of a properly designed shock isolation system

can be predicted with a greater measure of confidence than can the shock tolerance

level of a complex item of equipment. Thus, the consideration of shock isolation

throughout the design of a protective structure can have a significant bearing

on the cost of the facility, the cost of the special equipment, and on the level

of confidence which can be placed on survival of the equipment.

Principles of dynamics describing the responses of a shock isolation or

other dynamic system to an arbitrary time dependent disturbance have been treated

extensively in literature and have been applied to a wide variety of dynamical

systems of much greater complexity than those of interest here. Despite this

fact, experiences with shock isolation systems installed in earlier protective

structures have not been encouraging. While none of these systems has ever

been exposed to a nuclear burst, their capabilities during tests to fulfill their

primary functions of protecting equipment and their general behavior under non-

shock conditions have been disappointing.

The problems encountered were not due to a lack of availability of basic

knowledge of the nature of the phenomena, of engineering information relating

to the materials and processes involved, nor of proven engineering design and

evaluation techniques. Rather the problems arose simply because this information

and these data were not considered and utilized in design.

In approaching any engineering project, the first and most vital step is

to define its objectives. The more completely and explicitly the objectives are

stated, the greater the probability will be that they will be achieved. Formula-

tion of a complete statement of objectives of a shock isolation system requires

a comprehensive understanding of the many elements which comprise it, both

physical and dynamical. While the broad objectives themselves may be stated only

in terms of principal performance features of the entire system, an intimate
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knowledge of the characteristics of each of its elements as well as those of the

complete system is ensential in order to express the objectives in toi;.a oI

general parameters of fundamental importance.

If the objectives of the system are established completely and explicity,

the problem of arriving at a design which will fulfill all requirementL is grcatly

simplified. Obviously, careful design and design verification practices are

essential but the objectives themselves constitute the criteria against which the

adequacy of the practices can be evaluated. It is believed that it was the lack

of definitive objectives which lead to the oversights in earlier shcck isolation

system designs.

1.3 SCOPE OF STUDY.

The purposes of the Parsons Company study effort were to provide complete

performance objectives and standard design and design verification methods for

the design of all shock isolation systems to be installed in SAFEGUARD facil.tics.

In addition to minimizing the possibility of oversights of the type which handi-

capped earlier system designs, these objectives and methods would enhance the

uniformity of systems to be installed in facilities being designed by different

engineering contractors. However, the results of the study were not imposed as

contractual requirements on the engineering contractors but were only suggested

by USAEDH as recommended practices. Thus, in the actual designs, some deviations

from these practices do exist.

As the procedures outlined in the Parsons Company study effort were

developed specifically for use in the design of shock isolation systems incorpo-

rated in SAFEGUARD facilities, attention was focused on problems peculiar to

SAFEGUARD designs, and examples used to demonstrate the various procedures were

selected from systems to be installed in SAFEGUARD structures. The basic require-

ments of these systems, however, are no different from those of systems installed

in any other protective structure. Indeed, the principles outlined in the proce-

dure are applicable to shock isolation systems intended for any service, althoug&,

for some services, emphasis on each of the design considerations may vary.

1.4 PREREQUISITE.

The results of the study were reported in Document No. SAF-37, "Develop-

ment of Standard Design Specifications and Techniques for Shock Isolation System",

in three volumes, by The Ralph M. Parsons Company of Los Angeles1'2 '15 . Thin

manual edits and condenses the said document and othersI0 ,11 ,2 1 ,2 3 in a single

volume. The major task of this manual was to integrate, improve, and standardize
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various computer programs, primarily developed by Parsons, into two distinct pro-

Crams, ISIP and ISIP2. The user of this manual must possess adequate engineering

knowledge in the applied field of shock and vibration, and mathematics to follow

the theoretical and practical treatments of the subject. Elementary knowledge in

structural finite element techniques and matrix manipulation may be helpful. Knowl-

edge in computer programming may be useful especially in computer program input

preparation. A qualified engineer and programmer working together as a team may

produce the same results.

1.5 MANUAL CONTENTS.

This manual is divided into four pmii L : Part I contains the design and

design analysis of the shock isolation system, input shock motion, and platform

structural analysis.

Part II discusses the computer programs developed for this study - program

features, limitations, and input preparations. There are a total of ten individ-

ual computer programs which may be executed independently, or continuously from one

program to another in a very flexible, sequential manner provided by ISIP or ISIP2.

Part III presents the complete listings of ISIP and ISIP2. Several examples

are presented in Part IV for illustration purpose. Some of these examples contain

complete input and output listings, while others contain only input lists to avoid

redundancy.
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SiCTIOU 2: DESIGN CONSIDERA''IONS

2.1 DESIGN PROC;,SS.

The process of designing a shock isolation system involves foar major

tasks. These are to:

" Identify equipment requiring isolation

* Formulate explicity performance objectives

" Select appropriate configurations

" Verify by analysis or experiment, or both, that the selected

systems will fulfill the objectives

As almost every shock isolation system design will involve some unique

mechanical or performance requirements or limitations, it is futile ever. to

attempt to describe each of these tasks by a set of rigid rules which must be

applied in every instance. On the other hand, considerations leading to the

formulation of a set of specific rules can be established, particularly as applied

to systems intended for use in protective structures.

To arrive at anything near an optimum syetem, the possible need for shock

isolation must be considered early in the design of the facility. The isolation

system is just one of many systems comprising the facility,and its interfaces

with other systems can have a significant impact, not only on the general arrange-

mont of the facility, but on the performance requirements of the interfacing systems

as well.

2.1.1 RPQUIPZXT .rR SHOCK MOUNTING.

The first task in the design process is that of determining whether or

not there is a need for shock isolation. The hard mount/shock isolate decison

is based on three considerations:

" Criticality of the equipment or personnel

" Strength of the shock environment

* Shock tolerance of the equipment or personnel

Only that equipment whose survival is essential to the mission of the

facility need be considered in evalunting shock isolation requirements. By com-

paring the shock tolerances of the critical equipment with the prodicted shock

1-7



environment, the probable survivability of these critical items can be evaluated.

Obviously, items which can survive can be hard mounted. For equipment whose

tolerances fall below the predicted environment, the choice can be made between

rugredizing the item and hard mounting (increasing its shock tolerance), or

providing shock isolation (reducing the severity of the environment). In vooce

cases it may be found that some combination involving both rurgedizing and shock

isolating is the most economical approach.

Identification of Critical Equipment. Generally, not all equipment

installed in the facility is vital to its mission and, even in that equipnent

which must survive, some degradation in performance may be acceptable. To pro-

vide a basis for easily identifying survivability requirements, critical equip-

ment lists are prcpared in which all critical equipment is divided into one of

three classes: Class I consists of items which must survive and must continue

to function throughout attack; Class II includes all items which must survive,

but are not required to function during attack; and in Class III are grouped

those items which are not required to survive,but which, as a result of exposure

to attack, must not form debris which could be hazardous to Class I and II

equipment and to personnel. All three classes of equipment, therefore, must be

examined for their possible need for shock isolation.

In assessing the need for shock protection, as much supplementary infor-

mation as is available should be provided for each item, defining failure modes

and specifying quantitatively the maximum permissible transient and permanent

degradation in performance due to shock. Of importance, for example, are such

factors as whether or not Class II equipment must be reset automatically follow-

ing shock or may be reset by hand. In compiling the critical equipment lists,

comprehensive analyses of all critical systems must be conducted beginning with

the performance tolerances of the weapon system as a whole.

Usually personnel will fall within either Class I or Class I1, that is,

they may or may not be required to perform vital functions durinL, as well as

following, attack. However, the possibility of damage to adjacent equipment due

to personnel who have lost their balance cannot be disregarded.

There is one other group of equipment which may require shock isolaticn

even though the tolerance spectrum of the equipment is higher than that of the

environment. Some equipment, such as rotating machinery for example, may generate

vibrations so severe that they must be prevented from damaging adjacent equipment.
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Wiere the vibratinc equipment to be mountod on conventional vibration iolatorc,

the loads which would be transitted to tho equipment durin shock could be

disnatrouL. Equipment which vust be vibration irolat.!, therefore, sAhoul Lr

Iiicludod with 'i. t which must be shock isolatoi sirco the vibration isolator 11u.t

be designed to fulfill both functions.

Shock Environment. The severity of the shock environment to which equip-

ment may be exposed is usually expressed by a response spectrum of' the motion

predicted to occur at the structuro/equipment interface. The use of a response

spectrum for this purpose has a significant advantage. As the transient response

of the protective structure to nuclear weapon generated loads cannot be considered

to be unique, the spectrum, which defines a large family of possible motions, is

a more appropriate definition than an explicity time-history.

In the SAFEGUARD program, bounding spectra of structural motions have

been established for various zones throughout each of the major buildings. These

spectra are envelopes of spectra of the response motions at many locations within

the appropriate zone due to a variety of weapon and site conditions. For example,

bounding spectra of motions with zones in the Missile Site Control Building (MSCB)

and the Spartan Launch Station are given in References 3 and 4 respectively.

In employing these response spectra to define the severity of motions to

which equipment will be exposed, the assumption is accepted, deliberately or other-

wise, that the disturbance is completely uncoupled from the dynamic responses of

the equipment itself. In calculating the structural motions from which the spectra

were generated, equipment was modelled as rigid masses since the dynamic properties

of the'equipment were not known at the time the structural analysis was conducted.

Even had they been available, however, their inclusion in the dynamic model of

the structure would have increased prohibitively the complexity of the structural

analysis.

Where the mass of the equipment is small compared to the mass of the local

structure which supports it, the effect of the dynamic responses of the equipment

on the motion of the structure will be negligible. Where the ratio of equipment-

to-structure mass is high, however, the possibility of i. significant effect on the

base motion should be re-examined once the dynamic characteristics of the equip-

ment are lunown.

Shock Tolerance. At the preent time, the most commonly ozrplcycd crite-

rio of danage potential to equipmert of a transient motion is the response spoctrun

of the motion. While it ca be shown rigorously that other parameters, such as the
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amplitudes and ph ase relationships of the frequency components of the motion,

can Influence peak responses of moat classes of practical systems, the spectrum

does have some significance, it ia convenient to use and it Is a decided improve-

ment over the older criterion, peak acceleration. As the damage potential of

the shock environment is expressed in terms of a response spectrum, then, it is

appropriate that the shock tolerances of equipment be expresed in the same

manner. The use of a spectrum to bound both the severity of the shock and the

tolerance level of the equipment greatly facilitates the comparison of load to

resistance.

However, a unique shock tolerance spectrum for an item of equipment would

not only be difficult but perhaps Impossible to determine. If the tolerance poo-

trum is considered as an upper bound of spectra of all tolerable motions, aU

motion whose spectrum exoeeded the bounding spectrum in any part of the frequency

range would, by definition, produce damage. Whether this conditlon exists is

questionable, particularly in view of the fact that the spectrum a.on does net

define all parameters which influence the magnitude of responses. Further, even

attempting to obtain experimentally such a bounding spectrum would necessitate

extensive shock ttta. Variations in presumable "identical" specimens Nould also

tand to broaden the margin of uncertainty.

In practice, therefore, the "tolerance spectrum" of an item of equipment

is simply the spectrum of a motion the item vill be expected to survive, or of

the most severe motion it has survived. It is possible that the upectrum of a

motion which is lower than the tolerance spectrum in some part of the frequency

range may have essentially the some damage potential for the equIpment, or that

the equipment may survive motions whose spectra exceed the tolerance spectrum.

However, in employing the tolerance spectrum in making the hard-mout/shook-

isolate decision, it is assumed that, if in any frequency region, the spectrum of

the shock environnent exceeds that of the tolerance spectrum, either shock isola-

tion or ruggedization will be required.

One possible form, although not necessarily a typical one, of a shook

tolerance spectrum for an item of equipment is shown in Figure 1-1 where, in this

case, the spectrum consists of a line at a constant response acceleration

of 3 . A tolerance spectrum dran In this manner implies that the equipment w ll

survive a 3g dynamic response in all modes. If the lowest modal frequency is

estimated at 10 Hz based on an observation of a static deflection in this mode of

0.1 inch due to gravity, the portion of spectrum below a frequency range of 10 Hs

ie meaningless insofar as the survivability of the equipment is concerned. Thus,
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The highest frequency to which equipment tolerance spectra should be

defined is also difficult to estimate unless test data are available. In

Figure 1-1 the highest frequency noted is 100 Hz, but this frequency should not

be interpreted necessarily as the upper limit of interest since many items of

e(ltipinent may contain elements which are sensitive to highor freqiuency motions.

For example, tests have been reported in which vacuum tube fiLients have t;il-d

and relay contacts chattered during relatively low amplitude, 500 Hz input

motions. Test specifications for equipment installed in the MINUTEMAN Weapon

System called for test motions to 2.0 kHz although this frequency was later re-

duced to 1.2 kHz.

In the SAFEGUARD program an upper frequency limit of interest in equip-

ment shock survival has been established tentatively at 500 Hz, although there is

some concern that this frequency may be too low. Even so, a frequency

of 500 Hz is not only well above that to which nuclear weapons effects can be

defined with any confidence, but also to which responses of the structures can

be calculated.

Obviously, then, the construction of tolerance spectra for equipment with-

out the availability of test data is an operation demanding considerable engineering

experience and will involve a large measure of uncertainity. The direction of con-

servatism, of course, is evident not only for the low- and high-frequency limits,

but also for response amplitudes. Yet, overconservatism can lead to the provision

of shock isolation where hard mounting is acceptable, or vice versa, or to stringent

limitations on the low-frsquency dynamic performance of the isolation system which

could lead to an unsatisfactory static performance.

Few, if any,data are available which can be applied directly to establish

tolerances of personnel to motions of the types encountered in protective structures

as generated by a shock isolation system. Failure of personnel may be defined as

the incapacity to perform a vital function either during or following an attach, or

as malfunction or damage to adjacent equipment caused inadvertently by personnel.

Mechanism leading to damage, however, are many. Direct injury due to a severe

load, secondary injury caused by loss of balance, or simply loss of balance could

result in failure.

Most tests conducted to date to determine tolerances of human beings to

motion are concerned with vehicular environments, either ground or airborne. Input

loads usually consist either of sustained high accelerations or prolonged vibrations,

the input loads being applied along a single axis. Frequently the subject is
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restrained. In most of the tests the criterion of failure is direct injury.

While these data, summarized in Reference 5, are not directly applicahle

to the environments encounteted in most protectivp struIctiirvs, they carn ho em-

ployed to obtain a gross indication of whether or not personnel wilt sustain

direct injury. BLowever, these data do not provide a basis for deteimining the

type and strength of complex motions, typical of those of a shock isolated support,

which the unprepared, unrestrained human being can tolerate without losing balance.

Since loss of balance under these conditions could lead to injury or to improper

performance, it must be classed as a failure.

In the MINUTEMAN Weapon System this problem was resolved by supporting

personnel on a platform which was shock is-lated to a low-level acceleration,

attaching the chairs rigidly to the platform and providing seat belts. Personnel

were not required to perform vital functions during attack.

The problem has yet to be completely resolved for the SAFEGUARD system.

Early proposals for investigations of measures to ensure personnel protection
6 '7

were discouraged since it was contended that8:

" Personnel would be given sufficient warning time to prepare

for the shock.

* Personnel would not be required to perform vital functions during

attack.

0 The level of shock would be low.

Recently the validity of these contentions was reviewed9 And, while the need for

shock isolating personnel was not anticipated, provision of restraints for per-

sonnel performing critical functions was recommended.

In any case, shock tolerance spectra for personnel must clearly designate

the mode of failure and thus several such spectra may be required. Where criti-

cal functions must be performed during or immediately following attack, whether

or not shock isolation is provided, it is probable that some type of support for

the personnel should be provided.

Hard-Mount Versus Shock-Isolate. The decision as to whether or not an

item of critical equipment will survive the shock can be based on a comparison of

the environment and tolerance spectra for that item. A typical comparison is

shown in Figure 1-2 where the equipment tolerance spectrum of Figure 1-1 has been

reproduced. Clearly, in this case, the equipment would not survive the shock

environment and would require either ruggedizing or shock mounting.
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Figure 1-2. Comparison of Spectra of Shock Environment

and Equipment Shock Tolerance

For equipment designed and constructed specifically for use in the facility,

the choice of whether to shock isolate or to ruggedize is largely a matter of rela-

tive cost. Notable exceptions, of course, are the cases of personnel or of a

missile or similar device where ruggedization might not be possible or might de-

grade performance to the point where the success of the entire system would be

jeopardized. But, in general, a choice is offered not only between these two ex-

tremes, but also of intermediate approaches where both isolation and ruggedizing

in varying degrees may be employed if it appears to offer an economic advantage.
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A great deal of equipment installed in protective structures, arid almst

all Tacticil Support Equi pment (TSE), howeve , is selected fi,,,n t'm., l pt'id,

stock. As noted earlier, shock tolerance data for such equipment is almost non-

existent. Here again, however, the choice is offered between accepting the equip-

ment at whatever the level of ruggedness may be estimated to be and reducing the

shock environment to this usually very low level by isolation or by imposing on

the manufacturer a requirement for a specified shock tolerance and hard mounting.

And again, both isolation and ruggedizing can be employed if it appears to be

advantageous.

There are some important differences between the use of equipment built

especially for the facility and of equipment procured commercially, whether or

not it is to be ruggedized. The first category consists almost exclusively of

Weapon System Equipment (WSE) whose development and test is initiated several

-ears before deployment. Indeed, the schedule for completion of the facilities

is frequently based on the date such WSE will be available. Thus, there is

sufficient time to conduct an orderly program to ensure that the required rugged-

ness goals are achieved.

On the other hand, TSE, most of which is obtained from commercial sources,

is rarely, if ever, procured until after construction of the facilities has begun.

Until this late data, therefore, the exact item of equipment which will be in-

stalled in the facility is not known, although the hard-mount/shock-isolate

decision must be made as early as several years prior to this. From the view-

point of conservatism, then, it would appear mandatory that procurement packages

for TSE include a specification for a minimum ruggedness level. However, the very

short period of time available to the manufacturer to proof-test his equipment,

coupled with his uncertainty as to the ruggedness of his standard design and the

possibility of extensive modification, all prompt him to add a significant pre-

mium to his prices.

In the TITAN and MINUTEMAN Weapon System designs, the decision was made to

accept the cost penalty and schedule delay involved in specifying a shock tolerau'ice

level for TSE. Tolerance levels were established on the basis of estimatos ot

those which commercial grade equipment could survive and, where these fell short

of the predict-d shock environment, shock isolation was also provided. All manu-

facturers' equipment was required tr stirvive a shock Lest prior 'o acceptance.

The other approach was taken in the SAFEGUARD design. No shock tolerance

requirements were imposed on manufacturers of TSE. On the basis of estimates of

the shock tolerances of each general class of equipment and on the results of
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shock tests conducted on a few "typical" items, the hard-niuit/stock-islait,.

decision was made. Subsequent to the installation ol all ISE tji the fiiu;f and

possibly the second sites, tests will be condu'ted on all ittms ai d, i indi-

cated, corrections made by adding or deleting shock isolation systems or by

ruggedizing equipment.

On the basis of cost there is probably very little to choose betweon

the two approaches. In the Air Force approach, a premium price must be paid

the manufacturer owing to his uncertainty as to the amount of ruggedizing his

equipment will require. In the SAFEGUARD approach some of the shock isolation

systems installed in the first one or two sites may not be necessary and a need

for ruggedizing some of the equipment may be indicated by the results of the

shock tests. The addition of shock isolation systems in a facility already con-

structed will also be more expensive than had they been included in the original

construction program. In both approaches, tests of all items of equipment are

required.

The most significant difference betwee, the two approaches is in the

time at which a high level of confidence can be placed in survivability. In the

Air Force approach once the system is activated, confidence in its survivability

is high. This same level of confidence can be realized in the SAFEGUARD approach

only after the equipment testing program has been completed and all required

modifications performed at sites already activated.

A technical disadvantage of both approaches is that, in order to opti-

mize the design of a shock isolation system, the dynamic characteristics of the

equipment to be isolated as well as its ruggedness level must be known. However,

such data can be obtained only by test and, as in both approaches the tests are

conducted subsequent to the isolation system design, the designer is faced with

the necessity for estimating them.

The three most vital elements in the resolution of the hard-mount/shock-

isolate problem for commercial grade equipment are an early recognition of its

importance, the formulation of a detailed, realistic plan of approach in which

all significant parameters are considered, and a rigid enforcement of the plan.

The approach itself will be strongly influenced by the level of hardness re-

quired, by the amount of TSE involved, by the availability of useful ruggedness

level data from earlier programs, and by schedule and cost. In almost every

case, however, the effort and cost required to achieve a high level of confidence

in the survivability of TSE will be significant when compared with that associ-

ated with other elements of the survivability assurance program. If this fact is
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not recognized at an early date, penalties either in cost or in confidence level.

or in both, will be inevitable.

2.1.2 PUFORANCE OBJECTIVES.

Once the decision to shock isolate has been reached, performance objec-

tives for each system must be established. Clearly one of the most fundamental

of the objectives is to reduce the strength of the shock environment as specified

by its response spectrum to a level where under no conceivable circumstance can

the spectrum of the motion at the equipment exceed the shock tolerance spectrum.

However, there are then many other considerations which must be satisfied if the

system is to perform in an acceptable manner.' Although all these considerations

are lumped here under the heading of performance objectives, in fact they may be

separated into four groups of requirements: those defining the interfaces between

the shock isolation system and the facility and load, those specifying the output

performance, those specifying life requirements, and those specifying cost goals.

Requirements and goals which must be established for each system include:

A. EXTERNAL INTERFACES

I. Environment

* Input Shock Hotion - Input shock in both frequency and

time domains are desirable in shock isolation design, and

design analysis.

* Rattlespace - A practical but often neglected design para-

meter.

e Vibration - The effect of externally generated vibration in

a shock isolation system must be significantly reduced

or eliminated for the protective structures or equip-

meits.

* Other External Loads - The performance objective must include

the shock and vibration from every possible externally-

originated source such as earthquake, hard-mounted rotat-

ing machinary located in the proximity of the isolation

system attachments, pressure loads and vibration due to

circulation of air or liquid in ducts to hard-mounted

equipments or structures.
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* Temperature - The effect of temperature extreme upon isola-

tion system performance may not be neglected.

* Contaminats - Dust, humidity, corrosive gas and similar

impuriti es might degrade the performnt.c of thit. isOIL-

tion system.

2. Shock Isolated Load Data

* Shock Tolerance - Interaction among input motion and all

elastic systems (shock isolation system and equipment)

defines the "equipment tolerance system" which is a

prime parameter in performance consideration.

" Dynamic Characteristics - As the shock isolated equipment

system is not rigid, and no rigidity is assumed, the

response of the equipment to base motion is characterized

by resonances and antiresonances which tend to dictate

the effectiveness of the base motion upon the isolation

system.

" Static Properties - The static properties, such as the geometric

shape and size, weights, and weight distribution, must be

defined in the early phases of design, although none of

these properties are known with certainty. The effect of

these properties on the response of the shock isolation

system depends also on the shock isolation system config-

uration.

B. PERFORMANCE

1. Dynamic - The fundamental dynamic performance requirement of the

shock isolation system is to attenuate the shock environ-

ment to the level specified by an output response spectrum.

The magnitude of the output response spectrum must be no

greater than the tolerance spectrum of the most vulner-

able item of equipment which the isolation system supports.

2. Statics - Two basic static performance characteristics are the

static position of the isolated equipment relative to its

surroundings and the stiffness of the system.
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3. Reliability - The ultimate reliability of any sy: tem or Plement

installed in a protective structure is the probability it will

perform adequately under all expected environments during its

design Life period.

C. COST

Initial and maintenance.

D. LIFE

In a specific case, some of these considerations may not be expected to be

pertinent but nonetheless they should be defined. Further, the list sholild be

augmented by any special limitations or requirements which are imposed on the

system.

Frequently significant data to define these requirements completely are

not available at the time the shock isolation system concepts must be drafted.

In these cases, the requirement should be estimated and a range specified through-

out which the requirement might vary. This is almost always the case, for example,

in describing the load where even the weight of the equipment and its other static

properties will be known only within perhaps + 30 percent. Even less is usually

known about the dynamic characteristics of the equipment.

Nonetheless, as the shock isolation system design is directed specifically

toward meeting the stated performance objectives, these requirements must be

specified as completely and as accurately as possible. As the facility design

progregses, improvements in the objectives may be made and their impact in the

shock isolation systems evaluated. Indeed, the shock isolation system design pro-

gram should include provisions for reviewing periodically the objectives and examin-

ing the impact of changes on the system designs.

2.1.3 SELECTION OF CONFIGURATION.

Development of a satisfactory shock isolation system configuration, like

most design processes, entails an iterative procedure. Several concepts are con-

ceived which appear to meet the performance objectives and, on the basis of

engineering judgement augmented by simple analyses, the most promising configura-

Lion is selected. More comprehensive analyses are then conducted and, if indicated,

the configuraLion is modified and rY-analyzed until satistactory pertormlne is

achieved. The design is then fabricated, tests con(hicted, and il further modi-

fications are required they are incorporated, and the analyses and tests repeated.
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In some caues, tests are also employed to obtain empirical data rcuired in t'W

analysis.

The isolation system configuration comprises all elementE connecting the

structure and the supported equipment. Functionally thene elementc will convict

of energy storage and energy dissipative mechanisms arranged in such a fashion

as to support the equipment. These may be augmented by structural memberb ruch

as links and auxiliary supports for the equipment. But the entire assembly

constitutes the shock isolation system configuration. Characteristico of these

elements which dictate the response of the system are the trarsmisslon ch.'rac-

teristics of the

• Energy storage elements

e Energy dissipative elements

0 Auxiliary members

Choices are available in selecting desirable transmission characteriticL for

each of these three basic elements. Energy storage may be provided by mechanical

springs, liquid springs, pneumatic springs, elastomers, or other devices each of

which has some charncteristic behavior. Similarly, for energy dissipative ele-

ments a choice is available among others of coulomb, viscous, hydraulic, piueumatic,

or friction devices. The transmission characteristics of the auxiliary devices

are dependent on their inherent energy storage and dissipative properties and in

their kinematic configuration, that is, the geometry of the system connecting the

equipment to the hard structure.

The problem of selecting a satisfactory configuration, then, io one of

choosing an auxiliary structure, and energy storage and dissipative devices and

arranging them geometrically such that, when supporting the equipment, all per-

formance objectives are fulfilled.

In recent years, considerable attention has been devoted by several investi-

gators to identify an "optimum" shock isolation system. The criterion for optimi-

zation usually established by the investigator applies only to a specific kinematic

configuration (frequently a single degree-of-freedom system) and consists of either

the minimum output acceleration which can be achieved within a prescribed max'-mun

relative displacement or, conversely, the minimum relative displacement which can

be achieved for a prescribed peak output acceleration. Clearly, both of these

criteria fall far short of defining a system which would meet the performance objec-

tives considered as "optimum" in this study.
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first, peak output acceleration alone is not a meaningful criterion of

the severity of an output motion. Indeed, :t is for this reason, that the response

spectrum hau all but replaced peak acceleration as a criterion of damage potential

in shock tests. A high acceleration at a low frequency may be far leoc damasing

to am item of equipment than a lower acceleration at i higher frequency. Yet the

parameter frequency, which is of vital importance to equipment response, is not

even included in the definition of a desirable output motion.

Second, the kinematic configuration, since it influences the frequencies

of the output motion, cannot be excluded from the optimization process. An isola-

tor characteristic "optimum" for one configuration may be far from "optimum" for

another. Further, since the physical system will respond in three-dimensional

space, the optimization procedure must consider all appropriate degrees-of-freedom.

And last, other significant performance requirements such as sensitivity to off-de-

sign load and to other input conditions must be considered.

Several of the optimization studies have compared performance of active

and passive systems and concluded that significant improvements in performance

can be gained by the use of active systems. In these comparisons, the passive

systems have incorporated only linear elements. For systems installed in protec-

tive structures, however, even by these limited performance criteria the reduction

in rattlespace volume which can be obtained by active isolation is only a few

percent of the total. Further, equal,if not greater, reductions can be obtained in

passive systems by employing simple, reliable nonlinear isolation elements and by

a careful choice of a suspension configuration. Thus, in the study of systems for

SAFEGUARD facilities, only passive systems are considered4

While the procedure for selecting a promising configuration is to i large

extent a trial and errcr process, several guidelines caL be entabliched to zini zo

the number of iterations. While these guidelines are presented in some detail in

a later section, briefly they are based on the use of simplified models in which

the effect of each of the major contributions can be examined independently.

2.1.4 DESIGN VERIFICATION.

Anbroach. The design verification program for almost all shock isolators

must consist of two parts, analytical verification and experimental verification.

The analyses and experiments are not simply two independent means for verifying

isolation system performance since neither the analyses nor the experiments alone

can provide this verification.
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The limitation of the analytical method is that the high-frequency

transmission characteristics of the system cannot be calculated accuiately.

In the low-frequency ange, an order of magnitude above the ftindnineittn|,

correlations ot analyses with experiments have been excellent. At. Lii. LrqIency

increases, however, not only do the analytical techniques become less ,'curate.

but also the formulation of meaningful models and the acquisition of precise

engineering information becomes increasingly difficult.

The limitation of the experimental method is the lack of testing facili-

ties of sufficient capacity and capability to accommodate these systems and to

the impractic&iity (although perhaps not impossibility) of constructing such

facilities. Tests, therefore, must be confined to components of the system

where the specified input can be properly introduced, or to complete systems

subjected to inputs different from those specified for design.

The fact that neither analysis nor experiment alone can be employed to

verify the shock isolation systems, however, is not considered to be a serious

limitation since by employing both, a high level of confidence in the system

performance can be achieved.

Table I presents a chart which indicates how analyses and experiments

can be combined to verify the performance of a shock isolation system throughout

the required frequency bandwidth. The analyses and experiments shown are not the

only combinations which can be used to verify the design nor does the chart in-

clude the secondary analyses and tests used to facilitate design or to provide

engineering data. However, the tests and analyses shown in Table I would

constitute a complete verification program.
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2.2 D:SICN AND ANALYSIS RZOUIREMENTS SU)WA;Y.

2.2.1 C FN2RAL.

Objective. This design requirement is intended to ensure completeness

and to establish uniformity in the design and design analysis of rIl cnck

isolation systems protecting Technical Support Equipment (TZE) throughout the

SAFEGUARD facilities, or similar applications.

Scopse. This design requirement shall apply to all shock isolation systems

for TSE including individual and platform mounts, pendulum and under-floor supports.

The requirements define the performance of the shock isolation systems, the design

details of the shock isolation system components, the dynamic analysis require-

ments and the analysis procedures.

Approach. The damage potential of an input motion to equipment w'iether

shock isolated or hard mounted can better be described by a response spectrum

than by a maxixrm acceleration. This assumption applied to shock isolated equip-

ment is consistent with the specifications of input motions to all hard mounted

equipment for the SAFEGUARD system and thus provides a unified approach.

2.2.2 PEFORJl14CE.

DEFINITION OF INPUT

Shock Spectra. Envelopes of the shock spectra of time-motion histories

of all node points considered in the dynamic analyses of the SAFEGUARD structures,

and lying within a specified zone, shall constitute the basic definition of the

shock environment for all shock isolation systems whose attachments to the struc-

ture lie within that zone. In constructing enveloping spectra of the horizontal

motions, spectra of all such motions within the zone shall be included within the

envelope, regardless of the azimuthal direction. For both vertical and horizontal

spectra, the relative displacement shall be assumed as a consistent 4 inches

relative displacement line below a frequency of 2 Hz.

Time-Motion Histories. Where time-motion histories are required in the

dynamic response analyses of shock isolation systems, one vertical and one hori-

zontal acceleration waveform shall be synthesized whose response spectra envelope

the appropriate design spectra for that zone. The synthesized waveform shall

consist of a series of sinusoidal components of appropriate frequencies whose

amplitudes first increase and then decrease in time. The amplification ratio

of each sinusoidal component shall be established such that it approximates the

median ratio at the corresponding frequency of those motions calculated for the
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node points in the appropriate zone. The maximum bandwidth of frequencies

over which the spectrum shall be enveloped shall extend from not more than 1/2

of the lowest frequency of the isolation system being analyzed to not less than

5 times the highest frequency of the model. Where motion-time histories result-

ing from the dynamic analysis are available which completely populate the spectra

for the zone under consideration for shock isolation, they may be used in lieu

of a synthesized waveform. A recommended waveform synthesis procedure is de-

scribed in Section 6.

Attenuation Requirements. A response spectrur. of the maximum attenuated

shocl, motion at any location on a shock isolated item of equipment or L shock

isolated platform is shown in Figure 1-3. This requirement applies to both verti-

cal and horizontal components of the response motion. If this requirement cannot

be met at any frequency within a range of 0.1 to 500 Hz,pcrmission for such a

deviation must be obtained from the U.S. Army Engineer Division, Huntsville, Corps

of Zncineers (D).

Rattlespace Allowance. For purposes of defining required clearances Xu:d

overall space envelopes, a minimum rattlespace envelope shall be established for

each shock isolation system on the basis of the maximum relative displacement

calculated in a dynamic analysis of the system plus an additional allowance of

25% of the maximum calculated relative displacement, but not less than onj inch iL.

each direction.

Platform Position Recovery. All shock isolated systems shall return after

a dynamic disturbance of design strength to within 5% of tne initial vertical

static deflection or horizontal position.

2.2.3 DESIGN DETAILS.

System Configurations. Shock Isoletion systems shall be configured in

such a manner as to minimize rattlespace, minimize coupling between modes, avoid

large non-linearities, and make maximum use of elements whose dynamic characte is-

tics are readily predictable or can be verified in simple tests.

All shock isolation system components shall be designed to remain withil,

the elastic limit of the materials when exposed to the maximum calculated dynw'f:

forces.

Lystem Component - Shock Isolated Platform. All shock isolated platfcrrs

shall be designed to allow the fabricator the option of constructinr the platform

in segments and assembling it in place with rainimuL field work. Silicine and
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other details shall be specified in the drawlr.6c to ensure tha; aiy iold-assomblod

modules proserve the structural integrity and stiffness of the original platform.

_ouirrzent shall be attached to platforms Uhi-ouh aaj.or structurai. iaebsrs

or through special stiffeners which will transmit the load to major vtructural

members.

All platforms shall be treated with a high frequency energy dissipative

media such as undercoating or interface damping materials which can be demonstrated

to reduce substantially the persistance of motions in the 80 to 500 Hz frequency

rance.

Platforms whose free-field frequency in the fundamental elastic mode is

equal to or greater than four times the highest rigid body mode of the suspension

system may be assumed to be rigid in calculating system responses. For the pur-

pose of estimating the suspension system frequencies, coupling between modes of the

suspension system may be neglected.

System Component - Isolators. Isolators shall be specified or designed to

minimize the transmission of motions in all directions except axial and at all fre-

quencies in the axial direction above the fundamental of the unit.

Isolator types shall be chosen on the basis of the most economical which

can meot all of the requirements as set forth herein. Aa a general guide, cot.nid-

oration shall be given to the use of elastic elements of shock isolatorn of the

types shown in Table II for the various load ranges.

TABLE 11

SHOCK ISOLATOR ELASTIC AND DISSIPATIVE ELEMENTS

Static Type of Element
Load Range

Lb. Elastic Dissipative

0-200 Wire Spring or Elastomer Elastomer

200-3000 Wire Helical Spring (see below)

30O-above Air Spring (see below)
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Energy Dissipative Element. All shock isolators shall be provided with

an energy dissipative element equal in magnitude to not Iess than 1() pej conI

qikivaiI Ot vi scoi s critical damping at the nominal lad. Thc t yp' ef -4 eit. i

for the 0-200 lb. range isolator shall be elastoei i. lor the 200 lh. ranige

and above, the dissipative element shall be of a near-viscous type such as alij

or fluid damper or an air orifice. All damping elements shall meet the platform

position recovery requirement.

Adjustment. Provisions shall be incorporated in the isolator or

isolator/connector assembly to permit levelling under the extremes of all

load, center of gravity and stiffness tolerance conditions. A graduated

scale and pointer shall be installed on each adjustment device, or if ballast

is used, on each isolator to indicate the distance of the platform at that

location from the nominal horizontal plane of reference.

Specifications. Specifications for each isolator shall include

the following data.

(a) Maximum dynamic axial displacement plus over-travel

allowance (tension and compression).

(b) Maximum dynamic side load.

(c) Nominal installed load and tolerance.

(d) Maximum Stroke.

(e) Nominal stiffness and tolerance.

(f) Adjustment from nominal position (if included in isolator).

(g) Damping, permissible types and maximum damping force at

stated conditions.

(h) End fitting details. (See below)

(i) Maximum overall isolator length and width dimensions.

lsolator/Platform/Structure Attachments. Attachments of pendulum

isolators and connectors to platforms or to hard structure shall consist of

spherical ball fittings or double pin universal joints of standard designs and

sizes as specified by HND. For base mounted isolators, attachment connections

will be dependent on the type of system employed.
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Connectors between isoiatr-, arid platf rms or hald tuCtL, re :hat i

be designed to minimize the transmission of high frtequency motioos.

2.2.4 ANALYSIS REQUIREMEN'IS.

Analyses to verify the structural integrity and dynamic performance of

the shock isolation system shall consider these tolerance and input conditions:

SYSTEM TOLERANCES

Maximum and Minimum Weights. All platform weights, W , bhall be
p

assumed to vary from the nominal by not less than +2 percent and all

supported equipment weight, We , shall be assamed to vary by not less than

+10 percent from the nominal,which includes +5 percent for estimating error

and +5 percent for subsequert change of weight. If ballast is to be employed

to obtain static balance, its weight, WB,shall be added to the abov, maximum

weight.

Then the maximum weight to be considered in the dynamic analyses

shall not be less than

W 1.02 W t 1.1 W + W
Max p e B

nor the minimum weight greater than

WMi n = 0.98 W + 0.9 \WMmp e

Variations in Load Location. Changes in the location of the center

of gravity of the weights shall be based on these tolerances:

Platform. The center of gravity of supporting platforms f-hall be

assumed to vary from the nominal location in each of the three principal

orthogonal directions by +5 percent of the major platform dimension in the

corresponding direction.

Equipment. The center of gravity of shock isolated equipment,

supported on platforms or individually, shall be assumed to vary from its

estimated location in each of the three principal orthogonal directions by

+10 percent of the major dimension in the corresponding direction. This

requirement may be relaxed if manufacturers' guarantees of closer tolerances

are available. The mass effects on the motion of the shock isolation

systems of electrical cables and piping connections to the equipment shall be

considered in estimating nominal equiiment weights.
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Isolator Stiffness. Tolerances on the stiffnesses of jsolatnr

shall be determined from manufacturers' guarantees,or if detailed on facllity

drIawings, from calculations based on the accumtilative indiciated (,loiam,.

R-comint-niu ded Ia .ximitl I)tI'Ii . toI hlraiicev, are:

Elastomers +1- percent of nomina vah,

Wire Helical Spring +10 percent of nominal value

Air Springs Adjustable to within +1/2 percent of
nominal value

Static Balance Adjustment. Static adjustments shall be provided

in all isolation systems to return the isolated equipment or platforms to

the nominal level position under the most adverse tolerances of weight,

center of gravity location and isolator stiffness tolerances specified in

the preceding paragraphs,plus an additional allowance of +1/4 inch. The

sensitivity of the adjustment and indexing methods shall be sufficient to permit

leveling of the equipment or platform within +5 minutes of arc without recourse

to external leveling tools. A placard detailing the adjustment instructions

shall be permanently attached to each shock isolation system.

Input Shock. Design analyses of shock isolation systems shall

consider these input shock conditions:

Phasing. The design vertical and the uni-directional design

horizontal shock motions shall be considered to act simultaneously and in

phase at each attachment of the shock isolation system to the hard structure.

Direction. The azimuthal direction of the horizontal shock motion

shall be varied such that critical responses of the shock isolation system

are identified.

2.2.5 ANALYSIS PROCEDURES.

Systems to be Analyzed. Dynamic Analysis shall be conducted on

each isolation system except:

(a) Only one analysis need be conducted on identical units if

the most severe input motion is considered in the analyses.

(b) Only one analysis need be conducted on similar types of

units provided it can be shown by other means that the

responses of the other unit of that type will be less severe.

1-30



ANALYTICAL MODELS

Complete System. Selection of the bhock isolation system configiiration

to be analyzed shaill be based on the following sLepb:

(a) The platform dnd/or equipment system shall first be

assumed to be at the nominal weight, center of gravity

location, and center of stiffness location.

(b) The center of gravity shall then be assumed to be shifted

to an extreme corner of the center of gravity tolerance

paral lepiped.

(c) The center of stiffness variation shall then be calculated

which will place the center of stiffness at the maximum

distance from the center of gravity.

(d) Calculate the maximum and minimum weights of the system

(exclusive of ballast).

(e) Using first the maximum weight and then the minimum weight,

and using the adjustment procedure specified by the

designer, statically balance the platform to 10 minutes

of arc of a level position. (Note that if ballast is

employed, the center of gravity will shift and the ballast

weight must be added to the platform weights. If air-

filled isolators are employed, the center of stiffness

will shift.)

(f) The three possible configurations which shall then be

analyzed for dynamic responses shall be:

i. Maximum platform and/or equipment weight (plus ballast

if used) and maximum eccentricity of center of gravity

and center of stiffness.

2. Minimum platform and/or equipment weight (plus ballast

if used) and maximum eccentricity of center of gravity

and center of stiffness.

3. Minimum platform and/or equipment weight with center

of gravity and center of stiffness at nominal locations.
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Isolators and Other Connecting Links to Hard Structure. To

determine the frequency transmission characteristics in higher modts

of the isolators and other connecting links between the shock isolhted i t'iI,

and the hard structure, detail analytical models mniv be coistituctd.

Required Analysis. Figure 1-4 shows the sequence of requlrv'd

analysis which will establish

(a) Low frequency range of the attenuated response spectra.

(b) Rattlespace requirements.

(c) Isolator specification data.

Plattorm Modal Analysis (if platform is employed). Tiis analysis is

performed to determine the first mode frequency and to assure proper separatfon

of frequencies of first six or eight modes. On the basis of this analysis the

decision shall be made as to whether or not the platform may be considered as

being rigid. A computer program, ISIP2, is available for the analysis.

Platform/Isolator System Elastic Analysis. If, on the basis of

the criteria of Section 2.2.3, the platform cannot be assumed to be rigid,

and the isolators and the suspension configuration are linear, a modal

analysis shall be conducted to establish the responses of the complete

platform/isolator system. (Computer program ISIP2 can be used for the analysis).

Platform/Isolator System Non-linear Analysis. If, on the basis

of the criteria of Section 2.2.3, the platform cannot be assumed to be

rigid,but the isolators or suspension configuration is non-linear, the

responses of the system shall be determined by a direct integration of the

equations of motion for the complete system.

Rigid Platform Analysis. If, on the basis of the criteria of

Section 2.2.3, the platform can be assumed to be rigid, and the isolators

and suspension systems are linear, either a six degree-of-freedom modal

analysis or a direct integration may be employed to calculate dynamic

responses. If the isolators or suspension systems are non-linear, the direct

integration of equation will be required. Computer programs (ISIP and/or IS0L)

are available for pendulum suspension system, base mounted system,and for

two types of non-linear under-floor mounts.
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I.- In t ors and Connec ting Links. Detail nnalvs is of minti( n-ip I l'

models oft the Lsolator and connecting link assem~blies shall be cvijdutLd

if necessary to define the axial and transverse frequencies in highcr modei.
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SETION 3: SHOCK ISOLATION DESIGN FUNDAMENTAL

3.1 SYSTD( CONFIGURATION CRITERIA.

3.1.1 OPTIMUM SYSTEi.

On the basis of requirements discussed earlier, the optimum shock

isolation system can be described as one which will transform any and all of

a family of input shock motions, bounded principally by a limiting response

spectrum, to motions whose response spectra do not exceed the tolerance

spectra of the equipment to be isolated. This transformation must be

accomplished despite the fact that the static and dynamic properties of the

equipment are definable usually only within broad ranges of possible values,

and that, in some cases, these properties may be variable in time. Further,

the system must fulfill certain static performance requirements and must

have a long life, low total cost, and high ultimate reliability.

In this section, the most significant relationships between performance

objectives and configuration characteristics are discussed. Emphasis is placed

on identifying what the system mt do to meet the performance objectives and

how, with available hardware, this may be accomplished.

3.1.2 THE BALANCED SYSTEM.

Criteria. One of the two most important objectives in selecting

a shock isolation system configuration is that of achieving dynamic balance.

Balance is simply that property of the system which requires it to respond to

a transient input force or moment only in the same direction as that oi the

input. For example, if the input is a force applied vertically, the balanced

system will respond by translating only vertically, or if the input is a

moment about a given axis, the system will rotate only about that same axis.

Advantages of a balanced system are that it will traverse a minimum

volume during its oscillations and also generate a minimum strength output

motion. These advantages are the direct result of the fact that, in a

balanced system, its modes of oscillation in facility-oriented coordinates

are uncoupled. In large systems, small angles of rotation can result in

large translations at extreme locations from the center of mass.
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Since in protective structures the rotational component of the input is

small, it is of particular importance to avoid system configurations in

which the rotational modes are coupled to the translational modes.

Balance in a shock isolation system can be achieved by selecting a

configuration such that the principal elastic axes and the principal inertia

axes of the system coincide. Principal elastic axes of a system are those

axes along which the system will deflect collinearly with an applied force

with no rotation. Principal inertia axes are those about which the products

of inertia vanish. Obviously then, if they coincide, the origin of both sets

of axes must lie at the mass center.

A second objective in selecting the isolation system configuration is

to ensure that the coordinates of the dynamically balanced system are coincident

with those of principal importance in the environment; that is, with those of

the building in which the system is installed. If this second requirement

can also be met, the isolation system will not only produce a minimum output

motion environment but will also occupy the minimum useful space within the

structure.

All protective structures, If not all structures, are designed with

respect to gravity axes, that is, walls are parallel to the direction of

gravity and floors are perpendicular to this direction. Efficient usage of

the space within these structures then dictates that occupied volumes be

oriented in the same coordinate system. 1hus, not only must the isolation

system be balanced dynamically to occupy the minimum space, but this space

must be oriented with respect to the facility to ensure that it is also the

minimum useful space. To achieve this, the dynamical axes must be alined

with the gravity axes of the system when the system is in its equilibrium

position.

A simple planar model of a balanced system is shown in Figure 1-5.

Here the equipment is supported about its center of mass by eight identical

elastic elements symmetrically located. Assuming that all displacements will

be small, so that the change in length of the horizontal and vertical elements

is small for vertical and horizontal displacementsrespectively of the center

of mass, a force applied at the center of mass in the X-direction will be
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accompanied only by a translation of the center of mass in that directioi.

Similarly, a force in the Y-direction will cause a pure translation in thi. Y-

direct.ion, and it moament applied at the centet (it ma: will product it pulr

It tit llon. Thtus, tei X ;ind Y coordil)LIIUs a1e the priti' ip|kl eli tA it dxc:..

If the mass of the equipment. is distributed uniformty throj.hoit iis

volume, the X and Y coordinates are also the principal inertia axes. 'Th1us the

system is completely balanced.

Another example is shown in Figure 1-6 in which balance in unIy the

vertical direction is considered. The load consists of three items of

equipment weighing (from left to right) W, W, and 2W pounds, the equipment

being connected by rigid massless bars. The system is supported from hard

structure by two elastic elements, R1 and R2. To satisfy static equilibrium,

R = 2.4W and R = 1.6W.
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Figure 1-5. Planar Model of Statically Balanced System
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Figure 1-6. Planar Model of Static Balanced Beam

1-38



Suppose now, that a force is applied downward at the center of mass.

To maintain static equilibrium, the forces in elements R and R2 must be

increased in proportion to the load these elements carried initiially, that

i- AR 1  0 0.61",whet, 1F is the applied ft LV,and AR 2  0.41. It ihc pi inlc ipal

elastic axis is to pass through the mass centel, and no rotation is to
result from the application of the force, these incremental forces In R and

R2 must occur as a result of an increase in their length by the same

displacement,&X. Thus, the ratio of stiffness K of element Rl,to stiffness

K2 of element R ,must be

K AR1/AX AR R1
1 = 1.5

K2 AR2/AX AR -T2 R 2

If the stiffnesses of the elastic elements are fixed in proportion to

the loads they support, the principal elastic axis will pass through the mass

center.

Suppose that, instead of a unit force, a unit mumentAM,is applied in

the clockwise direction at the center of mass. The decrease in force in the

element RI is AR l  -AM/L, and the increase in force in R2 is AR 2 = +AM/L. A

pure rotation of the system about the center of mass will require that the

relationship between the incremental displacement AX 1 at Rl, and the incremental

displacement AX 2 at R2 ,is

AX R2
A 2  R I

Then the required stiffness of the elastic element for static balance

in rotation is

-AM
K -R2L R1

1 2 - 1 .
K2  -AM R .5

or precisely the same ratio as that required above.
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Although the masses are nut distributed symmetiicallv abutt tb,,

m,lss, center, since they are alined collinearly, one ptincipal in,,tja axis

will lie along the beam and the other in the plane of the paper orthoknnal

to it. Tbus, the system is balanced.

Minimizing Coupling Effects. However desirable a dyaamical ly

balanced system may be, the fact remains that if balance is highly dependent

on properties of the load and if these properties, such as mass and mass

distribution can be defined only within broad ranges, the probability that

imbalances will occur must be accepted, and provisions made for offsetting

them. Two general methods can be employed: First, the effects of moderate

amounts of coupling can be minimized by the proper selection of system

parameters, and second, adjustments can be incorporated in the system to

restore it, at least in part, to its balanced condition.

Three general approaches can be employed to minimize the effecLs of

coupling due to imbalance. First, the frequencies of all six uncoupled

frequencies in the system coordinates should be separated such that they

avoid direct resonances. Since the mass and mass distribution of the load

may vary, in some cases the frequencies, the separation of frequencies

should be maintained over the expected range of load variations. Actually,

this approach is simply a restatement of the requirement for dynamic balance

as separation of these frequencies will reduce the coupling. Second, extremely

low stiffnesses in the rotational modes should be avoided. While increasing

these stiffnesses will add higher-frequency components to the system r esponses.

the amplitudes of these rotational modes should be relativel\ low, if the

system is properly balanced, as there is little rotational energy intrduced

directly into them. An important effect of these higher stiffnesses is to lower

the displacements in the rotational modes for a given amount of energy

introduced into them.

There are other advantages of maintaining high rotational frequencies.

For example, it was noted in the performance objectives that friction forces

could cause residual inclinations of the load under static conditions. The

higher the frequency in rotation, the less these inclinations will be for a

given friction force. Another advantage of high r(tational stiffness i', that

it reduces inclinations in cases where the load position may vary in time,

such as where personnel are free to move about the floor.
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Tlhe third approach by which the effects of coupling can be reduced

is by installing energy dissipative devices in the coupled energi zing modes.

[Fmr example, if energy can be transmitted to a rotational mode ooly through

its coupliig to 1 translational mode, a rapid attentiulon of motiol hi, he

translatioiial mode by damping will reduce the amotunt of ePiergV traii.-[,,,ted.

As damping is also required in the system to meet other performance

requirements, its use for this purpose does not add to cost or complexity.

Adjustment. Even though all of the methods described above for

minimizing the effects of coupling are utilized, variations in mass and mass

distribution and in system properties may be so great that the system must

be provided with an adjustment capability to return the system to a condition

nearer to dynamic balance, and to maintain the static position of the system

within a specified nominal translational and rotational tolerance.

There are two basic methods for providing this adjustability. The

first method involves the use of ballast weights and in the past has only

been employed to maintain nominal position. The position and weight of the

ballast is regulated so that if the mass or mass distribution of the equipqnent

varies, the total weight remains constant, and its center of gravity always

remains at some fixed location. For small items of equipment, the use of

ballast offers a simple means for maintaining static position. For very large

items of equipment, however, the cost and space occupied by the ballast can

be significant, and its proper adjustment to accommodate later modifications to

equipment presents something of a problem. Further, of course, ballast cannot

be used to offset imbalance where the loads are varying rapidly in time.

A more common method for maintaining both static position and some

measure of dynamic balance is by the adjustment of properties of the isolation

system itself. To fulfill this objective completely, four adjustment features

would be necessary:

" Translational adjustment of the system vertically to maintain

the nominal position throughout changes in total weight.

* Rotational adjustment of the system about both horizontal

axes to maintain the inclination tolerance throughout changes

In thp center-of-gravity locations.
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* Stiffness adjustment in all six system koordinatt,. to

control location of principal elastic axes.

* Mass ad 'I is tL n It to (ont iI I lot -it i, )f f I i i, i pa] i fitr I i8, Q ,, .

II i n iso[L t joil a'., II ttllol 1.11d to (i ii n 1 l | it ('(I i . -.t ikt1k .

have all Lhcst, adjuis tmen t capabi lite e teieri n or1)( 1ti aat ed. 1 i I I Ia t I I 0-j s

since the TITAN II Weapon SYtem, provis ions have been incorpot at ed in i most

shock isolation systems for maintaining the nominal position of the system

throughout predicted variations in the mass and mass distribution of the

supported load. One isolation system installed in early MINU'IEMAN facilities,

and many systems to be installed in SAFEGUARD, also include a stiffness

adjustment in some of the coordinates. The provision of stiifnesn adjtstment

in all six coordinates, howevet, would require a very complex configuration.

Aside from ballasting to maintain nominal position, mass adjustment has not

been incorporated in any of the systems.

System Tolerances. in addition to variations in properties of the

load, there is a further factor which also influences the nominal position of

the isolation system and its balance. Manufacturing tolerances of the

components of the system, particularly those of the elastic and damping

elements, can often be so large that their variations can have a significant

effect on system balance. While the choice is offered between imposing

stringent manufacturing tolerances and designing the system to accept elements

with more generous tolerances, economic considerations have always favored the

latter approach. While for some types of components these tolerances can

have an important effect on system performance, a capability for offsetting

their effect on nominal position can be incorporated in the adjustment

provisions. Further, by selecting other types of system components, both the

magnitude of the tolerance and its effect on both static and dynamic balance

can be reduced to negligible quantities.

Transmissibility. One very significant concept in the design of

shock isolation systems, yet one which has been adopted only in the past fiw

years, is the use of a shock response spectrum rather than a peak accelpration

as a criterion of the output of the system. The greater significance of the

spectrum was discussed earlier. Nonetheless, however well justified, the

concept does impose on the shock isolation designer a need for a reorientation

of approach.
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Insofar as is knotwn, the use of the response Spoc truin as ai means

,pecifving the output ot a shock isolation system wits fitt. ! p..p,-. tO ill

Rei t Iti le, 11 , thi, h spite th l t L t that sp t .a t1. t- I " 1 ,pl yed w 4 1 it, I

' .' I iiitge p lO ti I I ill I II 101 1 t..lI-Illotllt,' -d ( i plI('I I fi i l ii IV \ n /t . / 1 l iq, 1jil'

Ret I 'lCC II WOS t1l1 iSIId AlM(,'t 'I d'Ciade ago,, the sigoliI ic ut_

differences between this and the earlier criterion have yet to bo lall,

appreciated. While the earlier criterion established peak acceleration of

the base motion as the sole parameter of damage, the spectrum concept is

more concerned with what a base motion does to the supported system. Peak

acceleration is still important but frequency and the duration of the

acceleration are of equal significance.

If the shock isolated load were rigid and the elastic elemetnts

massless, the response of the system to any disturbance would be characterized

by six components, each with its unique frequency, peak amplitude, phabe angle,

aud decay rate. Further, for a well balanced system, the three tnost pre-

dominate frequency components would be those due only to translations. A spectrum

of the response motion then would be a direct reflection of the characteristics

of these three components.

The supported load, however, is not a rigid body but an elastic one.

As noted earlier, it has its own modes of response to the input and these

will interact with the system to alter its motion not only in amplitude but in

frequency, phase angle, and decay rate, as well. Further, the elastic elements

are not massless but are mechanical devices bridging the gap between the hard

environment and the equipment. At their hard-mounted ends, they are exposed

to the full intensity of the shock environment and their own dynamic

responses at their characteristic frequencies can be transmitted to the equipment.

Describing the potential damage to equipment of this complex motion

by only a peak acceleration clearly overlooks many important parameters. By.

failing to identify these parameters, no direction is provided the designer

as to how he may reduce their severity. While the response spectrum is not a

rigorous criterion of damage potenti,1 it does have the very important

advantage of reflecting the contribution of many parameters other than peak

acceleration.



Elastic responses of the equipment and the mechanical components

of the isolation system itself can have a significant effect on the esponse

V.ect tIII ef the W 111 in At tIe 0( 1uip lent/syst(il i[it 01 fit( . Whi 1,. ii, jwi,

.Icctloationo f t he intorface motiol Illay inC l e a1lw d .:ppl I,( i ild,

component s may be added to i t I LlCu elci s, well above 0hb ri g -id

frequencies of the system. These will be refluicLcd in the 1espoLse spect,,ml,

perhaps making it difficult to achieve the attenuation in the high- f: eq'enc v

region specified by the equipment tolerance spectrum. In selecting an

isolation system configuration, therefore, care should be taken to reduce the

severity of the output spectrum throughout the required frequency range by

minimizing the transmission of the higher-frequency components to the

supported load, and providing for energy dissipation throughout the entire

frequency bandwidth.

There are several ways for minimizing the transmission of 1high-

frequency energy through the isolation system component connecting the hard

structure and the equipment. One is to employ lightweight components which

cannot absorb much energy. Impact between any of the elements of the system,

of course, must be avoided at all costs since impact will energize high-frequency

modes. The basic elastic element should also be selected such that the forces

it transmits in the higher modes are negligible.

Probably tLe most effective means for minimizing the response

spectrum of the output motion, not only in the high-frequency region but

in the range of the rigid body frequencies as well, is through the use of

energy-dissipative elements throughout the system. Damping in the fundamental

modes can often be incorporated directly in the primary elastic element or

inserted in parallel with it. Energy dissipation in the higher modes can be

accomplished by the careful selection of materials used for structural

cstembers, and through the use of special materials at critical interfaces.

There can be large differences, however, in the effectiveness of

various types of energy-dissipative elements and, unless care is taken in

selecting those with appropriate properties, their tse may increase rather

than decrease the severity of the output response at some frequencies.

Characteristics of some of the more frequently used damping devices, arc

discussed later in this section.
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With regard to transmissibility, then, the basic objectives in

selecting the isolation system configuration is to reduce the respon;e

spectrum of the output motion throughout the entire specified frequency range.

The ideal goal would be to permit only those motions due to rigid body

responses to reach the equipment and to attenuate these quickly by damping

devices, thus reducing the severity of their response spectra. In actual

practice, many other motions generated by the elastic responses of the

components of the shock isolation system itself will be transmitted to the

equipment. This "noise" must be minimized by selecting components which

transmit only pure tones and by incorporating damping to attenuate the

noise which is transmitted.

3.1.3 EQUIPMENT ARRANGEMENT.

Once all equipment which must be shock isolated has been identified

and performance objectives defined for each item, the decision then must be

made as to the general approach to be adopted in selecting the equipment

shock mounting arrangements. The two basic approaches are to mount each

item of equipment individually or to assemble two or more items on

a common shock-isolated platform. The final decision should be based on

functional as well as shock isolation considerations. All existing

facilities contain both types of mounting arrangements. The basis for

the selection of the arrangement is simply to arrive at the most efficient

overall system.

The problem can best be viewed by overlaying on, a preliminary layout

of the facility the proposed location of all equipment to be shock isolated,

and indicating on each item the strength of the shock environment to which it

may be exposed, and the required attenuation. Where personnel must be shock

isolated, they and all equipment that they may be required to operate

during or immediately following attack should be provided with a common platform.

There are other cases in which the use of an individual mounting

system is the only practical choice; for example, a pump which must be located

far from any other shock isolated item, pipe and conduit hangers, and light

fixtures. Very large, stiff items of equipment such as a turbine or diesel

engine may also be more easilY shock-iFolated individually. Bt on reviewing
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the layolt drawings, it Will Usually be found that lai ihumblers Zi' Iit2,

Of equ iplient Call be grouped together on a common plIat form and , pos! ihl I\ witIh

some rearrangement, the majority of equipment could be isolated in this

manner.

Where the decision between individual and group mounting is not

clear cut, there are many considerations which must be evaluated. The most

important of these are ultimate reliability and cost, but each of these

basic standards consists of many factors. In general, however, except for

special cases such as those noted above, where either one or the, oth..r of these

approaches is impractical, or unless the static and dynamic properties of the

equipment are known with good confidence at the time the islation svstm

is designed, the use of group mounting will result in a higher ill imatle

reliability and usually a lower overall cost.

There are many advantages to group mounting. First, the weight of

the platform supporting the quipment is a large fraction of, if not equal to,

the weight of the equipment. As the platform is designed by the facility

engineer, its static and dynamic properties are known within close tolerances.

Thus, the effect of significant variations in weight of the equipment on the

weight of the total shock-isolated assembly is reduced considerably. Further,

as the location of the equipment on the platform is specified, a variation in

center-of-gravity location of say 50 percent of its principal dimension will

shift the center-of-gravity of the entire assembly by an amount more than an

order of magnitude less than this. Also, as many items of equipment are supported

on the platform, the probability is small that all of their weights will be

larger than estimated, or that all of the center-of-gravity locations will

be shifted in the same direction. In short, the fact that the isolated

assembly now includes a large, massive platform, the effect on performance of

variations in equipment properties is reduced by a large factor.

A second advantage of group mounting is that it tends to reduce the

amount of rattlespace required. It is easily shown that the rattlespace

required by several independently mounted items is greater than that required

by a single item having their total volume. As the number of such items

increases, so does the saving in rattlespace. This comparison pre-supposes

that rattlespace is independent of the size of the load and, if the system
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is well balanced, the increase in rattlespace with load should be small,

certainly not sufficient to contradict the results of this comparison. From

the sdving in rattlespace, of course, must be subtracted the volume of the

platform, but even so, significant net savings in rattlespace usually can be

achieved. Further, the space within the platform can frequently be utilized

to install equipment, ducts, conduits, etc., and thus it is not entirely

wasted.

A third advantage of group mounting is cost. It was noted in

the previous section that there are many factors contributing to cost and,

in making cost comparisons, it is essential that the cost factors to be

considered are specified. For example, the cost of individually isolating

an item of equipment where the equipment properties can be defined only

within broad ranges must include the cost of the more complex adjustment

system required to accommodate these possible variations. If the system is

not provided with a broad balancing capability, the possibility exists that

it will require some rework prior to activation, again adding to the cost.

Another factor which results in significant differences between the

costs of the two types of mounting arrangements is the number and types of

isolators needed. For example, the cost of many types of isolators per pound

of supported load decreases exponentially with the magnitude of the load. For

example, an isolator purchased in moderate quantities to support a 1000-pound

static load might cost one dollar per pound of load, while one supporting

10,000 pounds would cost 15 cents per pound of supported load.

As individual mounting requires large numbers of small isolators of

different sizes, the cost of the isolators is high. On the other hand, while

isolators for group-mounted equipment must also support the weight of the

platform as well as that of the equipment, only a few isolators are required

to support the system and, since there is a choice of location, their sizes

can be standardized. Although the cost of the platform must also be considered

in the comparison, it is usually found that the initial cost of the group-

mounted system is comparable if not lower than that of the individually mounted

equipment.
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If the cost of connections with hard structure, maintenance, and

spares are considered in the comparison, the cost advantage of the group-

mounted system becomes even more significant. Howevir, this ost advantage

will be I'Vducted u Is the experimen tal phas.s of the d,.sigo verific ti, i

program of the vV'v large svst em are maintained within r calistic butnd-..

In examining possible arrangements for grouping the equipment

on a common platform, it is often found that the shock tolerances

are not the same for all items -..,ich otherwise might functionally be mounted

together. The question is then raised as to whether or not a cost penalty

is involved in shock isolating some of the equipment to a level well below

its tolerance.

The first consideration, of course, should be that of selecting

an arrangement which is functional. However,unless the shock tolerance of

the preponderance of equipment is at the higher level, almost all cost

factors favor mixing the equipment and shock isolating to the lowest

tolerance level. While an isolation system for the higher-tolerance

equipment may require less rattlespace than that of the low-tolerance equipment,

the rattlespace required by two separate platforms will be greater than that

required by a single platform of the same total area. Within some bound,

the cost per pound of a platform increases with its area. However, it is

also a function of the severity of the isolation system output. Thus,

the cost (and weight) of the single platform may be less than that of the

two smaller platforms. Finally, if all platforms are isolated to the same

output level, the number of different sizes of isolators can be reduced,

with a significant saving in isolator cost.

In arriving at a preliminary mounting arrangement for shock-isolated

equipment and personnel, therefore, these factors must be considered:

* Optimum functional arrangement

" Severity of shock environment

" Attenuation requirement

0 Reliability of data on equipment properties

* Proximity to other shock-isolated equipment

* Rattlespace

" Connections to hard structure
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All of these relate directly to the ultimate reliabi lity of the

bystem and to the overall cost of the facility.

Once the arrangement configuration has been selt-cted, it may jiow

bt, necessary to Vvise the pertormance objectiVe do(ument t o rel I ',t the

properties required of systems which will be employed to shock isoldttO

more than one item of equipment.

3.2 ISOLATION SYSTEM HARDWARE.

3.2.1 SCOPE.

In this section some of the shock isolation system configurations

and components most commonly employed in major systems installed in protective

structures are presented and their characteristics examined. Particular

attention is focused on configurations and components which were considered

for use in the SAFEGUARD facilities.

At this point in the development of the design, it is assumed

that the general arrangement of the equipment has been selected and that

the performance objective document has been modified to reflect changes

necessitated by any rearrangements. The next task is to select system

components and fabrication techniques which will enstre that all performance

objectives are met.

The basic elements of the shock isolation system are:

0 Platform (if required)

& Energy-storage component

o Energy-dissipative component

• Connecting links

o Attachments

Each of these elements has one basic function to fulfill, but also

has many other requirements placed on it by performance as well as by cost,

reliability, and such factors. Characteristics which dictate the capability

of an actual item of hardware to meet these requirements are not always

independent, and thus an item which fulfills the basic function may have

many objectionable side effects. In comparing various elements, then, it

is important that all its essential characteristics be identified before

a final selection is made.
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1.2.2 t'ONFIGURATION DEVELOPMENT.

Proof that tihe system will fulfill all its objectives is the 1)JrPose

o, t he de, ign vot!i f icRtion program, both its analytical and expe iiiejt al

phases, dis'cussed in a later section. However, throughout the spl ecti[Jon

of a detailed configuration and system components, simple analyses are

invaluable in assuring the designer that he is following the proper

approach.

One of ti.- first analyses which may be employed is that of ensuring

that the suspensi.,n configuration and the nominal stiffness properties

have been selected so as to constitute a reasonably well-balanced system.

Although the actual system may be somewhat nonlinear, the model used in

this preliminary analysis may be assumed to be linear. Further, the equipment

may be assumed to be rigid and the springs massless.

The analysis consists of calculating the modal properties of the

system: model frequencies, mode shapes, and modal participation factors.

From the frequency data it can then be determined whether or not the system

has adequate modal stiffnesses. For a system ideally balanced, the mode

shapes will consist of three pure translations and three pure rotations

about axes coincident with the system reference coordinates. If the mode

shapes indicate otherwise, coupling in the reference system coordinates will

exist. In few actual systems can an ideal balance be achieved, but an effort

should be made to reduce the coupling to a small value.

While modal data cannot be employed to determine a response spectrum

of the output motion of the system, they can be used as a basis for estimating

whether or not the required attenuation has been achieved. Using the modal

frequencies and participation factors together with the input response

spectra, the peak amplitude of the motion in each of the six modes can be

determined. Depending upon the amount of damping which will be incorporated

in the system, an amplification ratio for each modal response can then be

estimated and multiplied by the peak amplitude. If the resulting peak

response exceeds the tolerance spectrum for the equipment, it is probable

that insufficient attenuation has been provided. Further, the modal data

can be employed to establish gross bounds on the rattlespace requirement, and

to evaluate the relative importance of coupling.
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This analvsi s is very simple to perform with a comapl,e1 pi

and it allows the designer to explore a large number of configuvatiois iii

a verv short period of time. One word of caution should be emphasi/z.d, howevez.

As the model of the sys tem is linearized, the implicit assumption is iad.

that rotations of the elastic elements are small, that is sin e = 0, cob

where 9 is the angle of rotation of the element from its nominal position.

In actual practice some rotation is inevitable and must be tolerated. However,

large amounts are usually objectionable since the rotation increases the

coupling between modes. In selecting a configuration, of course, care should

be taken to ensure that the rotation angles will not be large. In any case,

these rotations as well as any nonlinearities in the isolators and daiiping

devices must be considered in the later, more detailed analyses.

3.2.3 SUSPENSION ARRANGEMENTS.

Although there are innumerable ways to support an item to be shock

isolated, the two types most commonly employed are the base support and the

overhead pendulum support. The base-mounted type consists of arranging a set

of elastic elements between the floor and the equipment such that the equip-

ment is supported both statically and dynamically. In the overhead

pendulum system, the load is supported by pendulum arms incorporating

elastic elements and suspended from hard structure overhead. Both types

of systems can be used, either with equipment mounted individually or grouped

together on a platform.

There are no essential differences in these two suspension arrange-

ments. Rather the significant differences are in the stiffness require-

merits imposed on the elastic element. For example, consider the three base-

mounted systems shown in Figure 1-7. The system in Figure 1-7 (a) is supported

only by four vertical elastic elements. Thus, each element must provide a

vertical stiffness, a horizontal stiffness, and, unless it is free to rotate

at its connection to the load, a rotational stiffness.

In Figure 1-7 (b), a configuration much preferred in vibration

isolation, is shown in which the isolators are re-oriented so that their

axes are directed mote toward the center of mass. By the use of this technique

it is possible, if tie location of the center and inertia properties of the

mass ari, kn.,wn, to decouple certain modes. Again, however, both axial, shear,
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Ind ot :it I i.ll .t iffn,, '-t' mn st be provided by tie elastic (lem , it:,.

A thit(I la! -intimiited system is shtown In F igum e I / (t h I

t Ippi) t I I l ad i li+ti I tiles a p I at Ioru. I t is .. i 1g I1 1l ii di* *i 1(1 oil

ela.:ti l t.IInll: ,tli , imo'tallod parallel to ti, lhl , oo (il thiogmal -.vst'i

coo+diuiate,,. A5 each elastic element is free to rotatt hoth at i., hard

mounted end and at its attachment to the platform, it is only required to

produce a force along its own axis.

A system employing an overhead pendulum configuration is shown in

Figure 1-8 (a). Each of the pendulum arms is installed vertically, incorporates

an axial elastic element, and is provided at each end with fittings which

permit rotation about all three axes. Again it is seen that, for small

displacements, the elastic element alone contributes to the vertical

stiffness. Lateral stiffness is provided by gravity acting on the penciL luo

system and is a function only of the pendulum length.

In Figure 1-8 (a), the center of mass of the platform assembly is

collinear with the axis of the horizontal elastic elements. In most cases,

the center of mass will lie either above or below the point of attachment.

Two alternate methods for shifting the horizontal elastic axis so that it

passes through the center of mass are shown in Figure 1-8 (b), where the

isolator itself, or auxiliary supports, are mounted rigidl,' - the platform

to raise the pendulum attachment point.

It is seen then that, while in the configurations of Figures 1-7 (a)

and (b) which are base-mounted systems, the elastic elements must provide

axial shear, and rotational stiffnesses, those of Figure 1-7 (c) and Figure

1-8, the former base and the latter overhead-mounted, are required only to

provide axail stiffness.

One of the requirements for good performance is that a reasonably

close dynamic balance be maintained about the system-oriented coordinates.

This requirement implies that the stiffness of the system in each of the

system coordinates can be set independently to match the requirements of the

configuration. Eminently satisfactory elastic elements can be designed in

which, in a single unit, stifinesses in more than one coordinate are both
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uncoupled and independently controlled. However, in many elastic elements

which are frequently used in this type of configtiration, notably he. lical

springs, the stiffnesses are highly coupled and tan be predicted onlv uithirn

veiv, broad ranges. B.ilancing a svy t(,m employing these, ,l(.mtitts is virtu iily

imposs ible.

These examples have bet.n presented to emphasize that while, ideally,

balance may be achieved by a variety of configurations, there may be a great

variation in the ideal and the actual properties of rea. components, and these

variations may be difficult to define. Large displacemetnts of the system may

in troduce imbalance at off-nominal positions, but these effects can be predicLcd

with good confidence. Nonlinearities in the elastic or damping element may

also cause some imbalance,but if these are predictable they too may be

acceptable. The situation to avoid is that of specifying components whose

properties cannot be predicted with good confidence.

It should also be noted that, in all of the configurations shown in

Figures 1-7 and 1-8, coupling of the horizontal translational modes with

rotations about the horizontal axes is dependent on the elevation of the

point of attachment (or elastic center) of the isolators which provide the

lateral stiffness relative to the elevation of the center of mass of the system.

This coupling cannot be eliminated by altering the stiffne ss of the springs

but must be offset either by changing the center of mass location b,- the tise

of ballast, or by a physical adjustment in the elastic axes such as that shown

in Figure 1-8 (b).

In selecting the system configuration, then, thes- considerations

should be borne firmly in mind:

(a) Throughout all specified variations in loading conditions

the system should be balanced dynamically as closely as

possible. Coupling due to imbalance can be reduced by

separating frequencies of the modes it. the system coordinatoe.

(b) Moderate amounts of coupling due to the kinematic configuration

may be offset by providing an adjLstmrnt capabili\.. Whb--

the coupling is excessve, a better balanced (onfiLoJratiun

should be selected.
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(c) The suspension configuration should be solected SuIch th,

throughout the full range (f stroke, rotations of the li nes

of action of the colin)c tlng I nks arr sma I I

(d) No co(nfiguration should be selected w, ic h nvcvR ,!,iI. U ,I.S 1 110

use of either elastic or damping elemouL,4 whose characLetistics

cannot be predicted with good confidence.

(e) The system must incorporate sufficient adjustability both

in translation and rotation to enable it to be returned to

its nominal position under all specified variations in load

and system tolerances.

A further point which should be emphasized is that, in order to

accommodate the broad ranges in load properties specified by the performance

objectives, it may be more advantageous to accept small imhalances under all

possible dynamic conditions than to demand a perfect balance under nominal

conditions, but which might result in greater imbalances under off-nominal

conditions. In other words, the objective should be to obtain the most

favorable responses throughout the specified ranges of environmental and

system parameters.

3.2.4 PLATFORM DESIGN.

Elastic Properties. If an individual mounting system is selected,

the dynamic characteristics of the equipment may have a strong influence

on the motion at the isolation system/equipment interface. Where tho basic

geometry and construction details of the equipment are known, an analytical

model of the first few modes can be included in the model of the system, aid

the low-frequency responses of the system calculated. Indeed, if one or two

of the modes lie within the frequency range of the rigid-body modes of

the isolation system, it is essential that these elastic properties of the

equipment be included in preliminary analyses to determine system balance.

On the other hand, if the equipment is to be group mounted on a

platform, the relatively large size of the platform, coupled with the desiie

to reduce its cost to a minimum, can also result in a platform/equipment

system whose fundamental frequencies lie well within the range of the rigid-body

modes of the isolation system, even though those of the oquipmeiit which it

supports are higher.
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If it is practical to make the platform sufficientlv st ifl so Lhdt

the l1 eqlencies oi the platorm/eiipment system lie well above ti u':i'of the

i igid-bodv frequencies of the suspensio01 SvSt ti1, it i!, adv I .d,l, t , .

I n' phtI t Lorm is viy I i Ige , Iwev, I . and l o, Ih(i weigll ol ti. i .d

equ ii j1uent great, the si/e and kcst oL a plaI tlit I,, pli vih, I h,- de:. ird

-,tiftness could he a significant cost factor. InL tlose ( st's,.,, Ihe .,iit I

of platform flexibility on the system response must be investigated in tile

preliminary analyses of system oalance.

Free-free modal properties of the platform can be greatly influenced

by the elastic and weight properties of the equipment which it supports.

While the platform alone may be relatively stiff, the stiffness of the load

which it supports may be low, and its weight high. Thus, the fundamental

frequency of the platform/equixnent system can be low. T7he stiffness of each

item of equipment which the platform supports need not be low in order to have

a low system stiffness since the equipment may consist of several stiff items

all mounted individually to the platform but with no stiff connections between

them.

Conversely, the platform stiffness may be low, bt that of the supported

load so high that it effectively stiffens the entire system. As it is the

stiffness of the supported system rather than that of the platform alone which

is of importance, the design requirements for the platform cannot be established

until the properties and locations of the equipment are determined.

Another important goal in selecting the platform design is that it should

include provisions for attenuating any high frequencies transmitted through

its connections to hard structuie. While it was noted earlier that the

connections to hard structure should be selected with a view toward minimizing

the transmission of high frequencies, the possibility that some will reach the

platform cannot be dismissed. AlI existing protective structures, inclodin1 .

SAFEGUARD, have employed welded steel platforms, unfortunately a most effi ient

transmitter of high frequencies. While this construction method may be

economical, it is probable that some reduction in stiffness, in return for

improved damping characteristics, would have been an attractive compiumise.

Number and Arrangement of Elastic Supports. A question which must

always be resolved whenever a platform is used to support the equipment is that

regarding the number of elastic elements to employ in supporting the platforn
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and their optimum arrangement. Statically, of course, the suspensii,

system must maintain the platform in equilibrium, and to muintain static

balance the six equations of equilibrium must be satisfied. If the platform

is horizontal, however, these equations are sufficient to define the loads

and stiffness properties in only three vertical isolators. If a greater

number of vertical isolators are to be employed, the system is redundant.

A number of methods imposing additional and somewhat arbitiary

constraints (e.g. Reference 12) have been suggested to reduce the redundaincy

of the problem, and while these constraints may lead to improved system

balance, they fail to identify and to satisfy all of Lhe fundamental require-

ments for optimum balance. These are that the principal elastic and inertia

axes of the system coincide with the system coordinates, that the frequencies

be properly separated, and that the frequencies of the rotational modes be

maintained at a reasonable level. While these latter requirements do not

define a unique arrangement, they do place emphasis on relationships of

greater importance to system performance.

Materials and Fabrication Methods. Several trade-off studies have

been conducted to determine the optimum material and fabrication process

for constructing platforms, and all have recommended the use of welded steel.

However, the basis for the trade-off decisions has only been the initial

cost required to achieve a given stiffness, and has not included such important

considerations as the performances advantages to be gained by damping or total

cost of the shock isolated system. Unquestionably, damping can be effective in

reducing or even eliminating the propagation of high-frequency motion

throughout the platform. Yet the economic value of high-frequency attenuation

is difficult to assess and thus, at the time the trade-off studies were

performed, it was simply ignored. Later, itf it is found in tests of the

complete system that the high-frequency responses of the platform exceed those

specified by the tolerance spectrum, the cost of reworking the system to reduc.-

the severity of the responses is not charged to the platform cost.

Another cost factor these studies have failed to consider is that of

reworking the platforms to accommodate the equipment mounting arrangement.

From considerations of rigidity and strength, the thickness of the top plate



of steel platforms need not be large. Thus, at locatioi -. wht- 1 f the "qlipill. i t

will be supported, stiffners must be provided. Yet in the SAI'EGUARI) p,',gram

the attachment bolt patterns of the equipment were ,,t I,nowti uit il .ilei

the platforms foi the first site were fabricatvd, and it was iO'ct.:,.ftv t,'

rework the platform by adding stiffners to match the bolt patteins. If the

same type and model of equipment installed in the first site is to be used

in SAFEGUARD sites subsequent to the first, of course, additional rework will

not be required.

A further cost factor which weighed heavily in favor of steel

platforms for SAFEGUARD was the assumption that the platforms would be

constructed on-site. This assumption was based on the fact that many of

the platforms were so large that it was impossible to get them into the

buildings once the buildings were constructed. Fabrication of the platforms

on-site by any other than standard construction techniques was assumed to

involve a severe cost penalty. Use of a modular concept where shop fabrica-

tion could be employed was examined only briefly.

And, finally, these trade-offs have not taken into account the added

cost of the larger shock isolators required to support the weight of the

platform. FoL isolators supporting static loads ranging say from 1000 to

20,000 pounds, the cost of the isolator per pound of static load will vary

from about one dollar to 15 cents, certainly a significant percentage of

the cost of the platform itself.

Identification of optimum platform materials and fabrication

techniques, therefore, appears to be a problem which has yet to be resolved.

It is believed that the many potential advantages offered by the use of

lightweight laminates and modular design have yet to be fully explored. It

is quite possible, indeed probable, that no universal optimum exists, but chat

the most effective type of platform ultimately will depend on its size, on

the dimensions, weight, and attachment pattern of the supported loaa, and

on the output motion requirements.

3.2.5 ELASTIC AND ENERGY DISSIPATIVE COMPONENTS.

In earlier discussions of the dynamic behavior of the complete shock

isolation system it was pointed out that the basic elastic and euei gy

dissipative characteristics of the isolators contribute principally to espcinses
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in the rigid-body modes of the system. It was also noted, however, that any

real energy-storage element has mass and dissipation,and any real energy-

dissipative element has compliance and mass. Thus, both of tl:em will transnit

energy not only in a fundamental mode, but in mimy higher-frquvina V Llodl,.c

as well. In selecting energy storage and dissipative device:, for in, w-por,,tio

in the isolation system, therefore, their real, as well as their ideal,

properties must be considered.

While there is a wide variety of elements from which to choose, almost

all of these will have differences in their transmission characteristics,not

only in the higher modes,but in the fundamental modes as well. Further, no

single type of element incorporates all cost and performance features which

renders it the optimum for all cases. In this section, the most important of

these characteristics are reviewed and compared.

Elastic Element Requirements. On the basis of earlier discussions

of system requirements, the features and characteristics of the ideal elastic

element can be summarized;

(a) The dynamic force displacement relationship of the elastic

element should be predictable with good accuracy. if the

same element is to be used to provide stiffness in more

than one direction, its stiffness properties in each of

these directions should be closely predictable, and they

should be uncoupled.

(b) The force-displacement characteristics of the elastic element

should be linear to minimize dynamic imbalance of the system

throughout its stroke. There are several types of nonlinear

elements which have been found to be very effective, but

their nonlinearity is only accepted in return for other

desirable performance features.

(c) The elastic element should have low mass in order to minimize

the transmission of high frequencies.

(d) The frequency of the elastic element should remain constant

with changes in load, that is, its stiffness should vary in direct

proportion to the load it supports. This feature enables

the system to remain dynamically balanced throughout changes

in the supported mass and its position.
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(e) The static position of the elastic element should be easily

adjustable to return the system to its nominal position when

subjected to load changes.

(f) The elastic element should have high reliability, lui, p life,

and low cost.

As noted earlier, there is a wide variety of methods and materials

which can be used to design an elastic element which will satisfy almost all

of these objectives. However, in the usual case it has been found that, while

these elements might meet the performance requirements, they usually fail to

achieve the cost goal. Thus, in the past, attention has been concentrated on

five relatively simple types of elastic elements:

" Beams

" Torsion bars

* Helical springs

* Liquid springs

" Gas springs

* Elastomers

In the TITAN I facilities, combined bean-torsion bar elements were

employed extensively. They were highly coupled, and owing to their configuration,

their stiffnesses were difficult to estimate accurately. None of them were

provided with adjustments to offset either changes in load or variations in

the location of the center of mass. The NORAD suspension system consists of

helical springs mounted under large platforms. The same springs provide

stiffnesses vertically, horizontally, and in rotation. Large load changes

combined with insufficient adjustability necessitated extensive rework oi the

system to maintain static position and balance. Both the TITAN 1I anr

MINUTEMAN facilities include a large number of overhead pendulum systems where.

the elastic element is a helical spring incorporated in the periculum arm

and thus loaded only in the axial direction. Adjustments are provided to

maintain the nominal position under changes in load and center of mass.

None of the systems described above incorporate provisions for

adjusting stiffness, and none of them include damping.
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To meet a special and very stringent performance requirement, one of the

MINUTEMAN systems incorporated, first, a gas isolator (Wings I thru V), and

Later a liquid spring (Wing V). The system was required to damp vertical

translational motions to one-third amplitude within one-half a cycle, and

thus, undamped helical springs, used throughout the remainder of the facility,

could not be employed. Both gas and liquid springs have a capability for

maintaining balance which is superior to that of the helical spring and, in

addition, can easily be designed to incorporate a damping element. The gas

spring has an inherent nonlinearity which ensures vertical balance under all

load and center of mass variations.

Costs and maintenance requirements for both the gas and liquid

springs were higher than desired under most design conditions. However, the

higher costs were not a consequence of employing a gas or liquid as the

elastic element, but rather were the result of the special attenuation features

which the systems demanded. Further, while it is probable that the maintenance

required for a gas or liquid isolator will always be greater than that say

of a beam, the more important consideration is ultimate reliability. As, in

this respect, the gas and liquid systems, particularly the former, have

significant advantages; some sacrifice in maintenance may be accepted if i

higher ultimate reliability can be gained.

Stiffness of Elastic Element. One characteristic of an elastic

element which is of value in those cases where the load may vary significantly

from its nominal conditions is that the stiffness of the element about its

equilibrium position should vary linearly with the load it supports. Both

beams and torsion bars can be designed to provide this feature as their

stiffness is a function of their length. By providing a length adjustment

capability, therefore, the stiffness can be controlled. However, owing to the

complexity of incorporating this feature, no such device has been employed in

a protective structure. Where beams, torsion bars, or helical springs have been

employed, no length adjustment capability has been provided.

For all these types of mechanical elements, therefore, the stiffness

of the element about its equilibrium position has been by design a constant,

that is

dF
dX



where

F = static load on element

X = displacement

k = stiffness, a constant

The frequency of this type of element about its equilibrium position

then is

where

w = circular frequency

g = gravitational acceleration

W = weight of supported load

As the stiffness of the spring is constant, being a function of its

dimensions and material properties, it is seen that the frequency will vary

inversely as the square root of the static weight.

Consider now the stiffness and equilibrium frequency of a gas spring.

The pressure-volume relationship for a gas is

PV n = constant

where

P = pressure

V = volume

n = an exponent defining the relationship for a given comp 'ession

process

As the volume of the enclosed gas is proportional to the stroke of

the piston, the stiffness of the spring bout the equilibrium position X, is

dF nW
dX Xo

The circular frequency about this position is

1/2

where the subscript odenotes the value at the nominal positirn.
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Note that the frequency of the gas spring about its teqtililrium

position is independent of the load it supports. lhus, if a system

incorporating gas springs is initially balanced, it will remain balanced

under all changes in load or positions ol its center oi mass.

The pressure-density relationship for a comnpiessible liquid is

dP _

dp P

where

p = density of the liquid

0 = bulk modulus of elasticity of the liquid

For a liquid spring containing a constant amount of fluid

S dV dX
p V X

where V and X are the same as above.

Bulk moduli of elasticity for most liquids employed in springs can

be approximated by the relationship

8 = a + bP

where a and b are coefficients characteristic of the liquid. The

frequency of a liquid spring of a unit effective area then is

WO [p- ( a + b) ] 1/2

It may be seen from the above equation that the liquid spring acts

partially as a constant stiffness spring and partially as a gas spring. The

first term in the parentheses indicates that the frequency varies inversely

as the square root of the static weight, while the second term is independent

of weight.

Consider, for example, three isolators, a mechanical spring with

constant stiffness, a gas spring, and a liquid spring (containing Uni,,n Carbide

L-45 silicone fluid), each supporting a nominal load of 20,000 pounds tnd al thib
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load having a circular frequency of 3.76 radians per second (0.6 Hz). A

comparison of the variations of their frequencies due to off-design loads

is shown in Figure 1-9. When the static weight supported by the helical

spring iF reduced to 10,000 pounds, its frequency is increased to 5.33

radians per second while for the same load change that of the liquid spring

is increased to 4.81 radians per second. At twice the nominal load, the

frequencies of the two springs are reduced to 2.66 and 3.12 radians per

second respectively. Throughout this entire range, of course, the frequency

of the gas spring remains constant.

Equations given above for the stiffnesses of ga, and liquid springs

are typical of these elements about their equilibrium positios. While the

equations for both can be easily transformed into a more general form

defining the force as a function of displacement at any position, it is clear

that both functions are nonlinear; that is, in neither case is the force

10.0 - - - -- 1 - - - - - -

9.0

8.0 -

0 - "HELICAL SPRING

5.0 _

S 6.0 -- - - - - - -

LIQUID SPRING -

4.0 - 1 "- __

30- GAS SPRING- 3.0

2.5

2.0

' 1.5

1.0
3 4 5 6 7 8 9 1O 15 20 25 30 40 50

STATIC WEIGHT-KILOPOUNDS

Figure 1-9. Comparison of the Variation in Frequency With Static
Load of a Helical, a Liquid and a Gas Spring
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"rectly proportional to displacement. In this respect, the liquiJ spr- 4

is tie more nearly linear of the two. On the other hand, had the requirement

for constant frequency been met by a mechanical chanige in the lenigth 1i 't

beam or torsion bar at each discrete length, the ior c.-di sri w (.menL

Sharacteristiic o'f the element woiuld have remained linen

The acceptabilitv of nonlinearities in the energy 6to;ge el(.ment

of a shock isolation system is dependent not only on their nature, that is,

whether thev are functions of displacement only, of displacement and time, or

of these and other parameters, but most importantly on whether the nonlinear

characteristics are predictable with good confidence, whether they may

transmit high-frequency energy to the higher modes of the system, whether they

contribute to improved system performance under all other specified conditions,

and finally, whether they may react abruptly if the system were exposed to

environments somewhat beyond those specified for design but still within the

realm of remote possibility. If the nonlinear element can meet all of these

challenges, not only may its use be acceptable but it may be desirable ia

achieving significant performance advantages. It must be cautioned, however,

that some nonlinear elements which may appear to offer attractive performaitc.

advantages in fact may lead to inferior performance under the specified

environments, and to a strong uncertainty as to whether or not the system

would survive environments or loading conditions even slightly off those

specified by design requirements.

Neither the gas nor the liquid spring, undamped, is of this type.

Their stiffnesses are smoothly continuous functions of their displacements

and they are predictable with even greater accuracies, considering manufacturing

tolerances, than those of a helical spring. Their nonlinearities contribute

to imbalance only in rotational modes but since they also minimize the coupling

, energized translational with the relatively inert translational modes their

net effect on the response of the properly designed system can be highly

beneficial. Inclusion of damping devices as integral elements of the fluid

spring, discussed later in this section, can amplify the nonlinear aspects of

the spring/damper system, but this fact that the damping element can be

incorporated easily in the basic elastic element has distinct cost advantages.

1he relative transmissibility in higher modes of these three general

types of elements is in the same order as their variability in equilibrium



frequency. Owing to their larger mass, forces due to sirge.s in tile moh.flnicil

springs are the highest, while those resulting from gas springs are the lowest.

One important limitation of all fluid springs emploved to dato,

however, should be noted. No fluid spring employed in a protective strutlure

has had the capability of resisting both tensile and compressive loads.

Promising configurations have been conceived but none of these has been

developed to the point where its performance has been proven. Until such

concepts are developed, then, the fluid spring should be employed only in

those applications where the peak output acceleration is less than I g.

The use of elastomers as the primary elastic element in major shock

isolation systems installed in protective structures has been limited to only

a very few applications where the displacements were small. Their more common

use has been as snubbers and as interface devices to inhibit the transmission

of high frequencies. Even in these latter two cases, care must be taken in

employing elastomers unless their inherent damping is high, since to be

effective, the energy absorbed both by snubbers and interface treatments should

be largely dissipative.

Other Considerations of Elastic Elements. With regard to fluid-type

elements, another factor which must be considered in their application is the

range of the temperature environment in which they will be expected to operate.

Mechanical systems, of course, are essentially unaffected by temperature

changes of the magnitudes of those encountered in protective structures.

Fluid systems, however, are and their excursions from their nominal static

positidns due to these changes must be considered in design.

Difference equations for calculating excursions of gas and liquid

springs due to changes in ambient temperature are given in Reference 1. It

may be noted that, of the two types of fluid elements, the liquid spring is

by far the more sensitive to temperature.

Ease of adjustment and installation of systems incorporating fluid

elements are also superior to those containing mechanical energy storage

devices. Adjustements to return the isolation system to its nominal position

both in translation and rotation after changes in the load conditions can be

easily: accomplished in a fluid system by the injection or release of the
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appropriate amount of fluid. Indeed, an index incorporated in the fluid

element to indicate the nominal position will also denote its position (i

dynamic qiilibrium. On the other hand, while at) index can bt, iij:rp(,r t1(Ci in

the cotistant irequenlcv element to indicate the rvtrn of thw S . to IS

nomtilni. static position, a large degic.e ol dynamic imbalance ,t thi!>

position may be incurred with no external indication that the imhalance C-xisl s.

Installation and replacement of the fluid element at,*, also more indily

accomplished than for those elements whose stored energy is a function only

of position. For example, the installation of a fluid element need only

consist of blocking the equipment or platform in its nominal position,

installing the de-energized fluid elements, and energizing them by the

insertion of fluid until they reach sufficient pressure to support the load.

Removal of one or all of the fluid elements can be accomplished as easily by

blocking the load at its static position and relieving the pressure on the

fluid element.

The maintenance required and the frequency at which routine inspections

should be made for each of the three basic types of elastic elements depends

directly on their design and the materials employed in their fabrication. In

general, the purely mechanical systems will require little maintenance.

Maintenance requirements for gas isolators are principally dependent on the

leakage rate of the gas and the life of the seals. The maximum leakage rate

of gas isolators being procured for the SAFEGUARD system has been fixed

at that which will permit the isolator under static load to displace 1/2-inch

in a 1-year period. Preliminary tests indicate that a much lower leakage

rate is being achieved. These isolators employ elastomeric seals, but

although they have a guaranteed life of 10 years, their actual Life in

service has yet to be determined.

Other detail configurations for gas isolators are possible, however,

depending principally on requirements imposed by the application. For example,

for isolators whose displacement requirements are small, metal seals (an be

employed, thus reducing the maintenance requirement to that comparable to

mechanical systems.

Maintenance and inspection requirements for liquid springs are no

less, and are probably greater, than those for the gas spring. Again, however,
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these tequirements are highly dependent on the design of the particular

element and its service environment.

Energy-Dissipative Elements. It has been noted on several occasiois

that the inclusion of energy-dissipative devices in the isolation system has

several very significant advantages. Damping can:

* Reduce the severity of response spectrum of output notion

* Reduce the effect of coupling between modes, thus reducing

rattlespace requirement

• Restore the system quickly to equilibrium

* Decrease the sensitivity of system to variations in inpit

environment.

Thus, damping may improve the system performance, decrease the cost

for rattlespace, and increase confidence in survival.

Not all types of damping, however, are effective in achieving all

of these benefits. For example, while some types may attenuate the low-

frequency components of the output, they may also increase the severity of

the output at higher frequencies. Damping, in which thu force is proportional

to some power of the velocity greater than unity, is particularly objection-

able in this regard, and becomes more undesirable as the value of the exponent

increases. This characteristic, of course, is typical ol viscous, hydraulic,

and quadratic dampers.
r!

Another factor which must be considered in selecting the type of

damping is that the damping force should not prevent the system from

returning after an excursion to a position near its nominal one. Coulomb damping,

where the damping force near the nominal position is large, has this disadvantage.

To overcome this disadvantage, coulomb dampers installed in the SAFEGUARD

facilities have been designed to generate a friction force which is proportional

to stroke, the constant of proportionality being selected to ensure that the

system will return within a close tolerance to its nominal position. The

high-frequency transmission characteristics of the SAFEG.UARD coulomb dampers

have yet to be invstigated.

In addition to the usudl requirements for high reliabi litv and low

m .Intenance and cost, performance objectives of the damping element are to:
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(a) Provide maximum energy dissipation with a minimum peak

damping force.

(b) Transmit damping forcvs whose irequenci 's lit, ,nlv within

the low-Irequency region.

(c) Permit the system to return to a position near to its

nominal one.

(d) Maintain the effective damping ratio within a close tolerance

when the system is adjusted to offset changes in load.

Again, of course, the requirement for employing elements whose

performance characteristics are predictable within close tolerance and with

good confidence is of vital importance. Although at moderate damping ratios

damping does not influence the frequency of the system by a large factor,

small differences in energy dissipation rate, integrated over several cycles,

can have an appreciable effect on the amplitude of the motion. Unless all

dampers in the system behave in the same manner, the system may become unbalanced.

Owing to the low damping inherent in materials from which ,--chanical

springs are usually fabricated, it is necessary to parallel this typo of

elastic element with a separate damping device. The damper may be of th,'

friction, gas, liquid, or other type, but each damper must be sized to match

the spring with which it will be installed. Whenever the load on the asfsociatpd

spring is changed, for example, to compensate for a change in center-of-gravity

location, the effective damping ratio for the spring/damper assembly will also

change, thus contributing even further to imbalance in the system. While

adjustments could be provided in the damper to reset the damping ratio to its

nominal value, the system is already imbalanced owing to the chang( in sprin ,

load, and this imbalance is greater than that due to dampiig. In addition, in

general, it has not been considered to be advisable to incorporate any

more adjustments in shock isolation systems than are absolutely essential 1ince,

without expert operation and maintenance supervision, the system could be

imbalanced even further without any physical indication that this sit.ati,,-f

exists.

Both in gas and liquid springs, the damping element cal., j i, :PoVJ"L> ,

in the same unit which provides energy storage. Damping, is -ccompl ri

installing a diaphragm in the cylinder containing the fluid sepaiatiic -t

two smaller volumes, and by inserting an orifice in the diaphragm. Energ,
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dissipation is accomplished by forcing the Iluid tlhrugh1j th orifice, arfu

the damping rate is a function of the orifice size and the two cylinder

volutomes

Two chara t,,] ist ics of it fhlld -,prlig/thmper z v ciicm ( inittlliifl ill

integral dashpot can have a signili(ant and beiiet iciil impan L on syst.in

performance. First, as the orifice is in series rather than in parallel with

the elastic element,the transmission of high frequencies by orifice flow is

reduced. This feature permits the use of higher damping ratios than would

be acceptable were the damper placed in parallel with the spring. Second,

throughout large variations in load on the isolator, the effective damping

ratio remains essentially constant. As the frequency of the elastic element

also remains constant during changes in load, the isolation system remains

balanced under off-nominal conditions without the need for external adjustment.

If the orifice area were set equal to the cylinder area, obviously the

system would be undamped and the equilibrium frequency of the elastic element

would be a function of the total volume of the cylinder. On the other

hand, if the orifice area were set equal to zero, again the system would be

undamped but the system frequency would now be a function of the total volume

of the cylinder, less the volume of the damping chamber. Between these two

limiting orifice areas, therefore, there must be, and there is, an orifice

area which will result in a maximum damping ratio attainable by the spring!

damper assembly. For the gas isolators employen in the SAFEGUARD system

whose equilibrium isothermal frequencies are 0.6 Hz and whose loads vary

from 900 tc 20,000 pounds, the maximum damping ratio was found to occur when

the ratio of the areas of the orifice to the cylinder cross section was aboit

0.001.

The maximum effective damping ratio which an be attained has been

found to be a function of the ratio of the volume of the damping chamber

to tnat of the remainder of the cylinder volume. Again, for the SAFECI \Rl)

isolators this ratio was found to be cbout 2.0, that is, the volume of the

dampirg chamber was aboutt two-third,; cf the total volume of the cylinder at

the eq-;ilibrium position of the s::tea. With this volume ratio, effective

dampirg ratios of 25 Vercent of critical were found to be achievable.

It should be noted that all practical damping mechanisms, other than

the viscous damper, are nonlinear and thus the term "damping ratio" which
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detiles the amount -.L damping in a viscously damped s%'stem doe's not applv

to them. To e(luate the energy dissipated in 0,,e stve dy-stat,, cv( i t. (,t a . t.

iiI% I p , it i1n' n 114,111 ' 1c.11 dampilg lement witlh 1 lii l dI i j 1i p ii I

V I. otISV dllipt'd s tI ,'in, the0 CoIIe( pt of '-.w i v-il enI vi siu (Is damid i'. I.. i

was idvanced in Reie i VIne 13 . For transient mot i ons , i(,wevur , 'tii i vst I lnit

viscous damping ratio has no significance, and thus to quantLfy the teer;v

dissipation rate of a nonlinearly damped system, other criteria must be

employed.

One of the prime objectives of incorporating damping in a shock

isolation system is to reduce the severity of the response spectrum of tile

output motion. This objective is accomplished by causing the response

motions to subside quickly and, in accomplishing this attenuation, to introduce

as few high-frequency responses as possible. It would appear then that the

response specthim of the decaying motion might be employed as a criterion of

the effectiveness of various damping mechanisms. However, this concept has yet

to be developed.

In this report, the term "effective damping ratio" 
4.s used. Effective

damping ratio is based on a comparison of the decay rate of a given system

with that of a viscously damped system. The comparison is made for the

condition where both systems are energized by a step displacement of a

specified magnitude. The systems are then permitted to oscillate freely and

their peak amplitudes of the second, third, fourth, or other specified

cycle are compared. In the examples cited above, peak amplitudes of the

second cycle was used as a basis for comparison.

It should be remembered, however, that the prime objective still is

to redu~ce the severity of the response spectrum of the output motion. Thus,

in srlecting the amount of damping to include in the isolatioa system, the

criLerion should simply be that amount which results in the least severe

spectrum.

Neither analytical nor experimental data have been generated which

define the fundamental performance characteristics of liquid springs incorporating

integral damping elements. While the basic mechanisms are essentially the

same as those of gas springs, the large numerical differences in the properties

-f i liquid and those of a gas unquestionably shift their transmitted motions

higher-frequency range. Until further work is done on the fuidamental
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behavior of liquid spring/damper devices, however, the advar 'yes f 1he

liquid spring in this application cannot be properly evaluated.

It t.e overh .,the pendLu m s.ispi-nsion vx .s em, ye 1.1c , I I

\I o 'led h\ e Lis t , I e1 mon ts I( '') porn1 ed t 1 1 I,. 1), 1"1 hi I'i I ,' ,

dZ11,' C R1can be instal led tither in paral lel with t h(, - I ,ti cI(Iml ,,

integral with it. Stiffness in the horizontal directioin, howe-ver, is dul

only to gravity, and there are no horizontal elastic elements. 'Thfs , if

d, mpin is to be provided in the horizontal direct in, spe i,il device.s 111 st

be installed.

Hori,.ontal damping devices can easily be installed iii oviriid

pendulum systems, of course, and in the early MINUTEMAN Wings they were

emploved. Later in the MINUTEMAN facilities these horizontal dampe-rs were

removed but the fault lay not with the dynamic printiple but with the desiwn

cf the dampers themselves. However, one of the attra(tions of the vehetd

pendulum system has been that they require no horizontl stiiines ebements.

If dampers must be installed, the attractivenUss of this configuratiol is

greatly diminished.

None of the pendulum support systems to be installed in the SArEGUARD

facilities incorporate horizontal dampers. This decision was justiiied on

the basis of two considerations. First, it hoped that there will be sufficient

friction in the pendulum connections to damp the lateral oscillation of

pendulum systems within a reasonable period cf time. Although the friction

forces will be small, their effectiveness will be erhanced by the very low

horizontal frequencies of most of the pendulum '"btems. Second, also owir. to

the very low lateral frequencies of the system, response spectra of the

horizontal output motion can tolerate higher amplification ratios without

exceeding the horizontal tolerance spectra for the supported equipment.

Ii• 2., CONNECTIONS.

In some shock isolation system installations, the combined elastic/

damping element itself forms the con,ecting link between the isolated load and

hard structure. Tn other systems, nctably overhead pendulum configurations,

a.jxiliary connectors are required to satisfy a fixed dimension between the

hard structliroe and the oapported load. Where auxiliary connectors are to be

ermployed, it is preferable that they be installed between the elastic/damper
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assembly and the hard structure to avoid exposing the ciastc/dampe, ,-.to! ly

which is usually the mor. sensitive, to the fail s11 rel,,th ot "h . 2,.

evi rol'ment. in -ilhr cas., the entire coniiec tl asselt ly is i , .

I'll] .ixitl ,id s ,le wis which it the hvirrd-m t,(I ,. :n ,. / ., I II, l p ,.

. I I [) 1 L t\ Ii' Inptil I shocl -V I I (ll m lll I , 1111d :iI I li I, . I I-II . ,,Id ,

those tvpiual of the isolat ion system response.

Whether or not an auxiliary connector is employed, desipi; oloitlv(-.

lot the connecting members between the isolationi syst-m and -he hard slructur,.

are that they have adequate strength to prevent permanent deLormatioi, and Iliat

they will not transmit, when excited dynamically, a significant am oit at

high-frequency energy to the supported load. Thus, both the mass and tLe 11-

and out-of-plane stiffnesses of the connector assembly arc parawotets v.1;ich

will have an impact on system performance.

Problems with connector assemblies most frequei'tly encounter'd in

the past have been due principally to insufficient consideration I i n ; 'a

to the many details which govern their dynamic behavioi . Excessive( bpi,, I
in the auxiliary connector due to combined axial and transverse ]oads,

lateral impacting between piston rods and their clearance holes and tptw~eii

helical springs and the walls of their containers, and suaoes in thk. las ,ic

elastic and damping elements, also sometimes accompanied by impact, all h.o,,

led to a performance of the system less satisfac tory than expeLt,d, ii nct to

structural failure.

Although connector assemblies are often treated in early analyses -f

system performance as massless elements, they are not. Not only can thei

masses and elastic properties have significant effects on the perorrmalcf, of

the isolation system as a whole, but the dynamic loads on the connect(,rs

fhemselves cannot be determined unless these properties are conside-r ,. 'Iol

often have these aspects of the design configuration been overlooked i t,,. J '.i,

analyses.

in overhead pendulum systems where the output motion is attenuated

tn less than one g, the use of auxiliary connectors fabricated from chain

or cable has often been suggested. In employing elements which will not

carry compression, however, care must be taken to ensure that no compression

will occur in all significant modes of the connectors, not just in their

fundamental. Once the connector is unloaded axially, severe transients may be
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generated whe:i the load is re-established. In weneral. the, use ot co,'r.

which have abrupt discontinuities in their eltstic prOe)Pti,, SIV, old ,

avoided.

T h e n e e d fo r a d jul s tine t i n le ti g t h o f t , C ou i n .( ! Le,,l 1 't W ',I t I 11 ,t

stnLcture and the supported load to compons;it, br ch;trto , s II :lt it I- td

and load location :ind to offset manufacturing tolerancc.s i, ithe stiifros

of the elastic element was mentioned earlier. Another requirement 1o l.ri, ti

adjustment is imposed by tolerances in the construction of thol protect ivy_

structure itself. For base-mounted systems the variation between a trii,,

horizontal and the level of the base usually may be neglectod. For ovorhead

pendulum systems, however, where the equipment must be oriented with

respect to a floor but the system is attached to a ceiling, a significant

difference in the nominal and the possible lengths must be expected. "or

example, in the SAFEGUARD system the possible variation ii the disl.inct-

between a floor and a ceiling was set tentatively at ti inches. To da'(,

post-construction measurements have not been made to vei ity this ostimatte.

In a fluid spring, compensation for changes in static load c'ir, be

made by inserting or withdrawing fluid from the unit n;o that its nominatl

length always remains the same. Thus, only compensation for huildint. tolerantes

need be incorporated in the connector assembly. On ti,, other hand, uiilos . t,,,

are provided with a means for stiffness adjustment, mechnic:il springs will

not assume the same nominal position when adjusted for load changes ot t i LI.I5

tolerances. For connector assemblies incorporating mechanical sprinrs, Lhir( -

fore, provisions for accommodating changes in length due LO load variations,

stiffness tolerances, and variations in building dimensions, all must he

provided.

j.2.7 ATTACHMENTS.

Fittings to attach the connector assemblies to tli. sIhocb-isolatcd i ,

and to the hard structure also must be given careful attention in their desipi

if the performance objectives of the system are to be satisfied. Stvuctlral

integrity, obviously, is a basic requirement of the fitti-igs,but the possiPilit.

that they may generate high-frequency noise is a consideration of no less

importance. To avoid the generation of noise, abrupt changes in the elastic

properties of all contributing mechanisms must be avoided. The most import-int

of these mechanisms, of course, is the impacting of any of the cnchanic:1l

elements comprising the attachment configuration.
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It is essential, therefore, that the transmissibility of all potentially

impacting mechanisms be reduced first, by minimizing the severity of the

impact by specifying close manufacturing tolerancesand second, by the is,

ot interface damping materials to reduce the s.ver ity of those i,1p, t Wt:-, Which

cannot otherwise be o'voided.

To reduce the effects of impact, fittings for at tah iiip, tih,, (ootijit1w

assemblies to the load and to the environment should specify wl'.rotuy,'i:s

closer than those usually attainable in field fabrication. "liea litti Ing- houd

be structurally stiff and all mating surfaces should be machined to obt;iin the

closest practical tolerances. The fittings should then be installed on tht.

platform and to the hard structure by bolts unless a welding technique is

employed by viich it can be assured that the effects of distortion will not

exceed the specified fitting tolerances.

Despite these precautions, however, the elimination of all puLentially

impacting elements in metal attachment fittings is a practical impossibilit .

Thus, in any case, provisions should be made through the use of preloaded,

hysteretic elastomers to minimize the effect of impact. Tle use of soft

materials at attachment fittings and other interfaces in the connector

assembly, however, should not be adopted without careful regard t,) their

elastic and dissipative properties and, thus, their effect on th( dynamic

performance of the system. For example, if the force-displacement chara(teristip

of such materials is largely elastic rather than dissipative, the, can

augment rather than attenuate responses of the system.

3.2.8 TWO SPECIAL BASE MOUNTED ISOLATORS.

In view of some of the problems associated with conventional base

mounted shock isolation systems, two new types of base mounted isolators

were studied for their specific applications to the SAFEGUARD facilities.

Both types have the feature of one isolator assembly providing uncoupled

vertical and horizontal stiffness. The first type, as shown in Figure I-10,

is called a short-pendulum isolator. Schematically, it consists ol n has,,

plate that is connected to the floor through short-rigid pendulums Hnd a

casing. An isolator elastic element and damper is rigidly fixed to the

base plate and connected through swivel joints to the platform. to minimize

the assembly size, the pendulum length is limited to twelve inches, wiCA,i

corresponds approximately to an uncoupled horizontal pendulum frequenc>- of
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one cps. The assembly may be mounted directly underneath the platform or

at the side of the platform to decrease the floor clearance requirement.

NVIVIL JOINT

! - IGID-

Figure 1-10. Arrangement of a Short Pendulum Type of Isolator.

The second type of system uses a rolling ball element on a spherical

concave plate. The radius of curvature of the concave plate determines the

uncoupled horizontal frequency of the unit. An elastic element and damper

is installed between the platform and the rolling ball assembly to provide

vertical isolation. Under a normal loading condition, the rolling action

causes local yielding of the plate material. This feature Is desirable not

only because a relatively small ball is required to support a sizable load,

but also the yielding action provides slight damping in the horisontal direction.

Figure 1-11 shows the installation of the rolling ball isolator in a platform.

This method of installation facilitates servicing of the isolator and minimizes

the floor clearance requirement.

RIID
,BODY
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Figure 1-11. Arrangement of a Rolling Ball Type of Isolator

Even though a complete experimental evaluation of these types of

isolators has not been conducted, there are sufficient analytical results

to demonstrate their feasibilities. Considering the many advantages

offered, especially the relatively small space requirements under the platform,

these types should be evaluated more thoroughly and specified as typical

types of base mounted shock isolators to be used In SAFGUARD facilities.
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SECTION 4: THEORY: SHOCK ISOLATION SYSTEM (IF A Rt(;lu PI.AliikRM

I 1 NIl W II'I t)N.

4. 1. K(tK01iNIJ.

Base motionsb to Which eqj~xnpeft * hard-moiinted ii, adv.oiced I' 1,1

pro'tetive structures, Could be exposed during attack io eIrerliuntiN tSL i"t, d

to be well beyond the tol1eranc e ranlgc of the eqjui pmen t .Ever, ii tri. -quimi ii

is designed specifically for the application,* it is ofti*n mirt. oruin mi~a loIo

provide shock isolation than to build sufficienlt !ugednless inito the eqliipmf nt

itself to ensure survival. Thus one of the critical '-asks in desigingj EICh

a tacility is to estimate the ruggedness level of the commercial eqnipfli-It

to be installed in the equipment and to perform trade-offs for ,pecializ..d

gear to determine whether hardening or shock isolating will be the- iore-

advantageous. Once the decision for shock isolation has beten reached, thc

0oN, problem remaining is to devise a system which will aichieve the g!oal-

established for shock attenuation, cost, and reliability.

However, shock isolation systems installed in earlier prow ~tivt

strortures have been plagued by a host of problems which hiive icqopired

extensive cost and time to rectify. Indeed, it is probable that 19,111 p:, hI In

areas inherent in these systems have yet to be identified. In rocognitionj ot

many of these deficiencies a comprehensive study directed toward their

prevention in the SAFEGUARD program was initiated early in 1969 by the U.S. i.

Engineer Division, Huntsville (tJSAEDII). The program encompassed the deveopme-;,L

of detailed design criteria, and the formulation of standard design) techni i1ob.

Later work will inc lude drafting a modest proof -test prograin to onrui e thaL

the program ilbjec tives have been met. T'his approach was based tii the ( )iIviz. t)i.

that by placing ma~or emphasis onl the achievement of a 'SOund desijn. j, t

testing could be reduced significantly, and rework minimized (,r ever -limilvc d

without sacrificing system reliability.

4.1.2 ANALYSIS METHODS.

In this; section, equations -e developed for cettain configurati ,ms' Id

isolator elemrents, which, properly selected and designed, should find wide

application in protective struct.Lres.-
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In Section 4.2 derivations are presented of the equations of moti n

of a six degree-of-freedom spring-pendulum type of shock isolation systen.

lhe equations are formulated for a general system suppor ting a rigid bodv,

and where both the locations and the physical chiiracLeristi( s of th, i sk IiLto

1 enLt, nts can be specified arbitrarily. Two speciii il h ..e-1,,itnf,.d shock i .,;ltol

the short-pendulum and the rolling-ball types, arte discius:,.d in :t t in '.2..

Owing to the unusual physical constraints inherent in thies, j sd,)atr ,

their forces and moments are not described by the more general equations

developed in Section 4.2. Thus, in Section 4.3, equations are derived for

calculating forces and moments for the special base-mounted shock isolawois.

Where both the system configuration and elements can be consider(.d as!

linear, the normal mode method can be applied effectively to calculate

dynamic responses. Further, with this type of system respoose, spectra of

the input disturbances may be used to establish a maximum bound of the

responses. This method of analysis is described in Section 4.4.

A method of synthesizing a waveform to match a given rsponse

spectrum is presented in Section 4.5. The method employs a series of I itlic t

sinusoidal components whose frequencies can be assigned trhitrarilv and wl -st

amplification ratios can be matched approximately to thos,( of tie oa! ic

disturbance. "he derivations of various equations for reprpeenlin,, isola ,r

elastic elements and damping values are included in the last sectio,..

Many variables are employed in the derivations, and in each section,

the variables are defined when they first appear. Capital letters are used

to indicate vectors in Sections 4.2 and 4.3 only. In other sections vectts

are represented by a bar under the letter.

4.2 EQUATIONS OF MOTION FOR A RIGID-BODY SIX DEGREE-OF-FREEDOM SHOCK

ISOLATION SYSTEM.

4.2.1 INTRODUCTION.

One type of shock isolation suspension configuratioi, which has i, I'd

wide application in protective structures is the spring-pendultmi syst,,m. .

items of equipment which are known or suspected of being sensitive to thf.

design shock are gathered together and mounted on a single platform. 'Phe
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platform is then suspended from the ceiling by pendulum arms In which elastic

and possibly damping elements are installed. The advantage of the spring-

pendulum system is that it employs gravity as the horizontal restoring

force thus obviating the need for independent horizontal isolators.

Properly designed, the pendulum suspension system can be very

effective from both the viewpoints of performance and cost. However, in their

design and analysis, as in those of most other types of shock isolation

systems, there are certain physical mechanisms which are too frequently

overlooked with the result that these systems rarely achieve their full

potential.

To ensure that these effects are not omitted from analyses of SAFEGUARD

systems, equations of motion for a six degree-of-freedom spring-pendulum

type shock isolation system are derived in this section. A mathematical

model is constructed to represent the dynamic characteristics of a rigid

platform suspended by multiple spring/damper elements to a building structure

which provides excitations to the shock isolation system. The equations are

derived for a system such that both the locations and the dynamic characteristic

of the spring/damper elements can be specified arbitrarily. The center of

gravity of the system may also be at any location. The weight distribution

of the platform may also be non-symmetric.

There are many possible approaches to the development of equations of

motion of the shock isolation system. When response rotations cannot be

neglected, the approach usually adopted is to write the basic equations of

motion with respect to a coordinate system fixed to the platform. The

principal argument is that in this formulation the inertia tensor is invariant.

However, the equations tend to be more cumbersome, and extensive trans-

formations must be applied to resolve forces and moments into the platform-

fixed coordinate system.

The approach taken here is to develop the basic equations of motion

with respect to a coordinate system fixed in inertia space, and to accept the

complexity associated with a variable inertia tensor. It is felt that this

formulation is eeeser to visualize in a physical sense, and is readily aoapted

to digital crmppuer solutions.
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Approaches for calculating the initial displacements of the platform

are discussed. Linearization of the equations of motion for mall platform

rotations is also shown in this section.

4.2.2 COORDINATE SYSTI4S.

It is convenient, in describing the motion of the platform, to

consider several Cartesian coordinate systems as shown in Figure 1-12.

Since the basic equations are written In terms of motion with respect to

inertia space, an inertial coordinate system is defined. The axes of this

coordinate system are denoted by the subscript I in Figure 1-12. A second

(moving) coordinate system is assumed to be fixed (locally) to the building

structure. Since translational motion only (no rotation) of the local region

of the building is to be conidered (maximum dynamic rotation angle of all

major SAFEGUARD structures has been found to be less than 0.25 degree), the

axes of this coordinate system are assumed to remain parallel to the corresponding

axes of the inertia-fixed system. The axes of this coordinate system are

denoted by the subscript B in Figure 1-12. It is the motion of this

coordinate system in inertia space which constitutes the excitation to the

shock isolation system. Displacement of the origin of the building-fixed

coordinate system with respect to the origin of the inertia-fixed coordinate

system is denoted (Figure 1-12),

x XBI)

-YBI

'BI)
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As

*1J

I

Figure 1-12. Coordinate Axes of Shock Isolation System

A third coordinate system, the axes of which are denoted by the

subscript T, has its origin fixed at, and moves with, the center of gravity of

the platform system. The axes of this coordinate system remain parallel

to the corresponding axes of the building-fixed (and, therefore, the inertia-

fixed) coordinate system. The displacement of the center of gravity of the

platform system with respect to the origin of the building-fixed coordinate

system is

( CB)

X CB YC

z CB)
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Finally, a fourth coordinate system is defined with its origin fixed

at, and moving with, the center of gravity of the platform system, and with

its axes fixed with respect to the platform (which is assumed to be rigid);

that is, this coordinate system both translates and rotates with the rigid

platform. The axes of this coordinate system are denoted by the subscript

R in Figure 1-12, and its angular orientation in space is defined by the

successive rotations through the anglesy, 0, and a right-handedly about the

positive zR, YR and xR axes respectively.

4.2.3 EQUATIONS OF MOTION.

Newton's equations of motion for the platform system can be written

2CIF (XCB, 'XB "' 8, y. +I G (1)

and

(XB * CB, ' Y' 2

vhere

X CI
X XCI 7 CI

M 0 m Y~ £ 0 a3 -ass matrix
iZ

F F

F - F~ force vector, i.e. force duie to the suspension
system springs and dampers
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G - M 0 acceleration force due to gravity

T IT IT

IT I T IT IT  - rotatory inertia tensor of the platform
yx yy yz system with respect to the XT, YT' and

IT I T IT zT coordinate systems

yx zy zz

S W • angular velocity vector, the components being

taken right-handedly about the positive xi, YIP

z and z1 axes respectively

L -moment vector; I.e. moment due to the forces in(y the suspension system springs and dampers

Note that the inertia tensor I T is, in general, a function of the angol-i

position of the platform system. The inertia tensor I., referenced to the

platform-fixed coordinate system, is constant and can be computed from the

known mass distribution of the platform system and the assumed initial orien-

tation. Transformations of vector and tensor components from one coordinate

system to another are considered in the next subsection.

Since XC1 = XBI X CB , Equation I can ', rewritten in mwr.

convenient form as

MXCB 0 F + G Mi n

and MBI, the local translational accelerations of the building structure,

can be considered as forcing functions.
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4.2.4 TRANSFORMATION OF COORDINATES.

Vectors van be transformed between the K and T coordinat. systems

as follows:

* XT nAXR

(4)

XR a ATXT

vhere A is the orthogonal transformation matrix (of direction cosines)

'Cos Cos Y -Cos asin Y sin asiny 1
+sin a sin B cos y +cos a sin B cosY

A cos B sin y cos a cos Y -sin a cos y
+sin a sin B sin Y +cos a sin 0 sinY

[-sin 0 sin a Cos Cos a Cos

and

TTX
AI = A T XT" { ER" YR

ZT ZR

The inertia tensor 1T can be defined by

2 +( :22 pdV(5" -YTXT i T 4 +4

where D is the domain of the platform system, dV is a volume element, and p is

the mass density of the volume element.

Equation 5 may be written in matrix form as

[T, I I XT IXTI] P (6)
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and [#] in the unit matrix

1 0 1 '

S0 0 1

AUsing Equation 4, Equation 6 can be written

'IT f JAX. T AX.1 50]i - IAXIIAXIT]pdv

which can be reduced to

IT - A [f [INRIIT IX.A(GJ _ X. IX. T] P4W] AT

or

IT M AIRA T (7)

where I R is the inertia tensor with respect to the platform-fixed coordinate

- 4 system, and Is constant in time. Equation 7 provides a means for calculating

the variable inertia tensor IT from the body-fixed inertia tensor IR and the

rotational matrix A.

The velocity RT with respect to the non-rotating platform-hixed

coordinate system of a point P fixed at XR in the platform system is

Since XR is constant, T can also be expressed in terms of the

angular velocity a of the platform system; that is

" * x XT " p '9)
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where the vector cross product is indicated. In matrix notation Equation 9
can be written an

T - *AX R

where 0 x is replaced by * and

0=  
-.0 0

The validity of this expression can be demonstrated by carrying
out the vector cross-product operation indicated in Equation 9, and comparing
with the vector product in Equation 10. Note that, since an angular orienta-
tion is not a vector quantity except in the limit for small angles, the
angular orientation (a, # ,7) cannot be obtained by integrating Q.

Comparing Equation 8 with Equation 10, it is clear that

Substituting Equation 7 into Equation 2

d I TI
dt IAIRA GI L

or

[ii + AI~T 4 A +ATA a L

and using Equation U2

T T T

[*AV + A% 41 D + I~t Q L(12



and finally

Q. ( L (3)

Note that [*I?] T a 0

Equation 13 represents three second-order differential equations which

can, in principle, be Integrated to yield the angular velocities *e, uy, and

gz . Equation 11 can be Integrated once to yield A, which is required to

compute 1T from Equation 7. The angular orientations a, D, y can also be

computed from elements of A.

Equation 3 can be integrated twice to yield the velocity XCB and the

displacement XCB of the platform center of gravity with respect to the build-

ing fixed coordinate system. This velocity and displacement are required

to compute the support system spring and damper forces.

To obtain the rattlespace requirement, it is desirable to compute

motions at selected points on the platform system. The displacement in

inertia coordinates X of a point P on the platform (See Figure 1-12) Is.

-I

Xx I a I XCB Z

or, using Equation 4

X a XI x X CxB

and
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and

- B l~+ XCB+ [; + *]xAN
(ii.)

In some cases it may be desirable to determine the components of

this absolute acceleration in the platform-fixed coordinate system, such

as would be sensed by an accelerometer attached to the platform.

The transformation of Equation 4 can be applied to give

R IR ATM I

where IR is the absolute acceleration vector referred to platform-fixed

coordinates.

4.2.5 FORCES AND MOMENTS DUE TO SPRINGS AND DAMPERS.

Let fi (ALI, &Li) be the sagnitude of the force acting on the

platform through the i-th suspension element, where AL is the change in

length of the i-th suspension element from its free length L and ALI is
i b th cordiate o£tepit

the time rate-of-change of AL1 . Let X be the coordinates of the point
B

of attachment of the i-th suspension element to the building (in the building-

Xifixe cordiatesystem) and let X be the coordinates in the platform-fixed

coordinate system of the point of attachment of the i-th suspension element

to the platform. Then

SL1  XCB AXi)(16)

where I1 11 indicates absolute value or scalar magnitude, and

Aui - - T(17)

X C- - " ]C0
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The vector force F due to the i-th element is then

IP L

-BXBA (18)

Here, compression of the elastic element (ALi< 0) gives a

positive force.

From F, F in Equation 1 is obtained as

I - r (19)

i1=

vhere n - nmber of suspension elements.

The moment I about the center of gravity of the platform system

due to the force Fi in the I-th suspension element is

La 1 0 xTF,

This can be expressed conveniently in matrix notation. Define

"1-1 i o

then

•x - [,1] f X- X, -A A (20)
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and the net moment due to all the suspension elements is

n

L E ti (21)

The spring and damper forces f appearing in Equations 18 and 20

can be arbitrary functions of the extensions ALi and extensional velocities

AL of the suspension elements. In the computer-program implementation of

this analysis, provision is made to treat linear, bilinear, or arbitrary

(tabular input) spring characteristics. Damping characteristics considered

Include viscous, coulomb, and arbitrary (tabular input) dampers.

4.2.6 INITIAL CONDITIONS.

The problem has been formulated in terms of the assumed geometry

and inertia distribution of the platform, the assumed locations of attach-

ment points of the suspension elements on the platform, and on the building

structure, and the assumed free lengths of the spring elements. Initially,

due to the force of gravity, the platform will seek some equilibrium position.

This equilibrium position must be determined and used as the initial position

for the dynamic response calculations.

Due to possible nonlinearities resulting either from nonlinear

spring characteristics and/or from large platform rotations, the determina-

tion of the initial position is not straightforward. Several possible

approaches to determining this initial position may be considered.

A relatively simple iterative procedure is to assume a locally

linear relationship between the displacement and rotation of the platform from

an assumed position and orientation and the incremental force and moment

acting on the platform; that is

*Dc1 (6) (22)
L10  L
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where 6 ir the column matrix of the incremental displacement Vhich includes

the translation and rotation of the center of gravity of the platform with

respect to the building-fixed coordinate axes, and

AxCB

AYCB

AY

FI and L1 are computed from Equations 16 thru 21 with all time

derivatives (hence all damper forces) zero. Initially, F1 and L1 may be

computed with an assumed position of the platform center of gravity. The

translation of that initial position is XCBi and the rotations with respect

to the inertia axes are el, D i and Vi. The stiffness matrix K in Equation 22

is computed from the local tangents to the spring element force versus

displacement relationships. The incremental displacement 6 is that required

to satisfy Equation 22, where

lFol" U 3
0I

and

Solving Equation 22 for I yields

(6) -(23)
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Adding these incremental displacements and rotations to the

originally assumed displacement and rotation yields a second estimate of

the initial position and orientation. This second estimate can now be used

to recompute the forces F,, moments LI, and stiffness matrix K in Equation

22. This procedure can then be repeated until the maximum computed Incre-

mental displacement or rotation in 3 is smaller than an arbitrarily smll

assigned value. The resulting position of the center of gravity of the

platform is then taken as the equilibrium position under the action of

gravity only.

Another method of computing the initial position is simply by

integrating the six equations of motion with an assumed initial displacement

in traaslation and rotation of the platform center of gravity. The system

motion is under no external excitations except the gravitational acceleration.

By introducing high damping forces, the transient motion will decay and the

equilibrium position reached in a short tite. The time period required to

reach the equilibrium position depends, in general, on the estimated

initial position of the platform center of gravity and the amount of

damping provided.

4.2.7 SHALL ANGLE FORMULATION.

If a, 0,-y are sufficiently small, the transformation matrix A

can be linearized by neglecting the square and product terms, thus

Equation 11 is rewritten and expanded as follows:

0z 0 Wz

4 0 [ Y] [L 04
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Equating the like elements of the right-hand side and the left-hand

side of Equation 24, we have

a + & W - - Ow
x y x

a W +aw aW -" YOx (25)

- w + w - w, - w

Neglecting the product terms in Equation 25 results in

Wx y Y 4

or

Neglecting all the cross pgoducts of angles and angular velocities,
Equation 2 reduces to

I r L (26)

where

I B IT

4.2.8 NUMERICAL INTEGRATION.

The differential equations developed above are readily adapted

to solution by digital computer. Simple difference equation approximation

to the differential equation can be written, and a straight-forward step-by-

step (in time) procedure can be established to provide approximate solutions

for the responses due to arbitrary acceleration motions of the building

structure.
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Alternatively, standard existing integration routines (e.g. Runge-

Kutta) can be applied. The use of the latter approach may provide some

advantages in terms of reduced programming effort and improved (and controlled)

accuracy resulting from such sophistications as variable integration time

intervals, predictor-corrector features, and built-in convergence criteria.

In the large angle problem it is necessary to solve Equations 1, 2,

and 11 (a total of 15 scalar coupled equations) simultaneously. In the

small angle problem only Equations 1 and 26 need to be solved (a total of

six coupled equations).
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4.3 FORCES AND MOMENTS FROM SPECIAL BASE-MOUNTED SHOCK ISOLAIURS.

4.3.1 INTRODUCTION.

The general equations of motion for the spring-pendulum system with

overhead support, derived in Section 4.2, are applicable also to a rigid

body,supported at its base by a shock isolation system. However, the

equations for calculating forces and moments shown in Sec(lion 4.2 are

limited to isolators whose attachments to both the platform and building

connections are not constrained in rotation. Obviously,if the rigid body

is supported from well below the center of gravity, the system will be

statically unstable unless other separate isolators are added to resist

lateral motion or the vertical isolator attachments are designed to resist

moments. Thus for the short-pendulum and the rolling-ball types of base-

mounted isolators, as suggested in Section 3.2, a more complicated formulation

of force and moment relationships with respect to the motins of center of

gravity is required, owing to the different physical constraints at the

attachments.

In the coordinate systems developed in Section 4.2, the equations

of motion (Equations I and 2) were written

d L F9 t ,o ;, i)+

4T I L(XCB, XCBS ,8 y

In this section forcing functions F and L for the two types of

special isolators are derived.

4.3.2 SHORT-PENDULUM TYPE ISOLATOR.

In Section 3.2, the operating principle of the short-pendulum

type of isolator is described in detail. Consider schematically the i-th

short-pendulum type isolator shown in Figure 1-13. The isolator is attached

to the platform at point a and to the isolator base plate at point bi which

is connected through rigid short-pendulum length of A to the base support.

Here again it is assumed that the base support undergoes translation only

with no rotation.
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Figure 1-1"3. Schematic Diagramn of the i-th Short Pendulum

Type v sorator

After application of ground excitations, the point a i is Moved to

i and the displacement vector U i connecting these two points can be' at

represented by

I i 1. Xi (2
U = Xc+XrX (27)i = CB 4 X)-Ao

where XAo is the initial position vector of point a The vector i represents

the position of with respect to the center of gravity after rotation of the

platform, or

Yj AXR

where A is the orthogonal transformation matrix established in Section 4.2 and

are the coordinates of i-th isolator attachment to the platform in the



platform-fixed coordinate system (R, x, y, z). In other words, from given

translational motions of the center of gravity (XcB) and rotational motions of

the platform (a,B,y), the motions of the isolator attachment point to the

platform can be determined.

i
Since X o is invariant with time, differentiation of Equation 27 with

time gives

U XCB +Xi

The physical constraint of the isolator is such that the elastic/

damping element is connected by a rigid joint to the base plate. Thus the

motions of the pendulum in the xB directions are the same as those of the

isolator attachment to the platform ai, and the centerline of the elastic/

damping element remains vertical in the zB direction.

Figure 1-14 shows the detailed motions of one pendulum. The

pendulum attachment C to the base plate is moved to a position where ut

andare the components of U in the x. and YB directions if the penduluman y

is initially vertical. At this position, the pendulum prescribes twoi i
angles 01 and 0 as shown in Figure 1-14, where

1 2

4 a sin-1 jjUi)2 *U

and

4 utani 4 o0 <41<

From these relationships and constraints, the deflection of the i-th

elastic/damping element can be written as,

coo 0 )+" (I -I. (28)
U + - I , ) a IA ,

where U is the component of U in the :& direction, I'I is the free length of

the i-th elastic/damping element, and Xi., and XBi  are the initial positions
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Figure 1-14. I)etil 'lot, ions of One Pendulum

of attachment points a and b in the z B direction. Compression of the element

is assumed to be positive.

The rate of change of deflection can be obtained by differentiating

Equation 28, or

5+ Pu0t sin 0' (29)

Depending on the characteristics of the elastic/damping element,

the force in the zB direction at the attachment point ai due to the i-th

isolator is then

F1i = f (61 ,iz

or the force is related to deflection and rate of deflection through linear or

nonlinear elastic constants and damping coefficients.

Again, considering the physical constraint of the system, the force

Fi is reacted through the pendulum to the base support at angles I and 02"
z 1 2

This geometrical condition generates reaction forces at the attachment

point in the xE and y directions. These forces can be obtained by trans-

formation as follows:
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ii 1
F I -F Cos0 2 tan 0x z 2

and

F -n F sin0 2 tan0
y z

The total force applied to the platform is given by a summation of

contribution from each isolator, or

vhere n - number o; isolators in the syste.

Since the attachment point ai is a universal Joint, it cannot
transmit moments. Thus, the total moment on the system is simply

4.3.3 ROLLING-BALL TYPE ISOLATOR.

The rolling-ball type isolator consists of an elastic/damping

element supported on a ball which is free to roll on a spherical plate

attached to the base support. The isolator is fixed to the platform such

that only translational motion in the direction of the elastic/damping

element axis is allowed. A more detailed description of the rolling-ball

type isolator is given in Section 3.2.6.

Figure 1-15 shows schematically the i-th rolling-ball type isolator.

The isolator is attached to the platform at point aI and the ball touches
the curved plate initially at point bi . The center of the ball is designated

as p and the center of curvature of the spherical plate is 01.
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Figure 1-15. Schematic Diagram of the i-tb Rolling-Ball Type Isolator

' After base excitation, the isolator attachment points are moved

to new positions and the displacement vector of the attacluent point ati

from the center of curvature 0is iv en by

Xi  Si 8

Di = ~+ X CB 0 (

w ire the position vector of 0, is constat in Bz frme and vector

ii defined

Differentiation of uation 32 ith respect to time gives

i ,i 1(33)

D mX+XCB -X
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The physical constraint of the isolator as shown in Figure 1-15
requires

D + - (314)

where Ri is the radius vector which has a constant magnitude of R and Si is

the elastic/damping element vector betveen the points a and p1 .

i
From given motions of center of grarity and point at and the physical

constraint represented by Equation 34, the vector Si can be determined. First,

since the elastic/damping element is rigidly connected to the platform, the

direction cosines of 8 are

(C.' (A] 0c)

where [A) is the orthogonal transformation matrix defined in Section 2 and

f c| are the direction cosines of the initial elastic/damping element vector
ao. Squation 34 can be expanded to indicate the mgnitude of vectors. Thus

0

1811 2 + 218'1 IDI CoSe + 1j)'12 - IRi12 - Constant (35)

where Si is the angle between the vetors 81 and Di.

Usually, the magnitude of D is less than RiA The solution of

Equation 35 gives two real roots of SI with opposite signs where the

positive root is the magnitude of vector Si.

Having obtained S , the deflection and the rate of deflection of

the elastic/damping element can easily be found as

*1 1 _i 81

and (36)

ii .U i

where compression is defined as positive.
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Furthermore, the position of the ball can also be obtained by the

following equation

xi = i I + (37)X XC + X B

p CB

From this equation, the direction of the radius vector R
I can be

determined as

Ri a Xi -Xi (38)p -0X

Note that there is another physical constraint which is implied

in the above formulation. The ball is always in contact with the curved

plate or the ball is constrained to move in a plane perpendicular to the

radius vector R. Mathematically, it means k' x R - 0.p

In formulating forces and moments developed by the isolator, the

following assumptions are made. First, the radius of the ball is

sufficiently small so that forces my be assumed to act at the center of

the ball. Second, the mass of the ball may be neglected; thus, the force

balance at the ball is essentially a static problem.

For example, consider the ball as a free body as shown in Figure

1-16. The forces acting at the center of the bell are

F1i+ F1 + FL = 0 (39)
R n f

where

Fi is the reaction force at the plate in a direction opposite to the
R I

radius vector R

F is the isolator force which is not necessarily in the same

direction as the elastic/dampIng element or S

F is the friction force between the ball and the curved plate.
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Figure 1-16. Forces Acting on the i-th Ball

Taking the components of the forces in the direction of the elastil/

damping element, Equation 35 becomes

I74I- fF4I oo" 0,? . 1i41 oos -; 0 (1.0)

where F. is the component of F in the 8 direction and is a nction of SU

and or

i - (si  ii)

01 is the angle between S and Ri . and

02 is the angle betveen S and F.

If Pis a non-zero vector and the friction coefficient is a constant
p

the friction force Ff is In the direction opposite to the velocity vector

which is perpendicular to Ri with a magnitude equal to al 'FI . If VIs a
Fi p

zero vector, i.e. ,there is no relative motion between the ball and the

plate, a more complicated situation results where further assumptions are

required to simplify the mathematical formulation.
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Due to a possible unsymmetrical weight distribution on the platform,

the initial loading on the various ball elements may be different. Thus,

under ground excitations, some balls may be in motion while others remain

stationary with respect to the spherical plate. The condition for the

initial motion of the ball is governed by the friction force at the ball and

the Inertia force caused by the ground acceleration. The assumption is mad&

that the distribution cf the inertia force to the I-th isolator Is governed by

i i
a g
n g

vhere

m Is the mass of the system

n Is the number of isolators

Is the component of the ground acceleration in the plane normal
ga to RI

Then, there are two possible ways to evaluate the friction force.

In this case, F I ,JI _An
f R IiR6  I

* Case a h I F 1 (143)

In this case, F f In

Finally, considering the complete platform and isolators, the

total of the external forces on the system is

- - + 1P (Ohl)

1-wE
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where F srltdt lad by Equations 142 and 4.3 for static case and

F I a III once the ball is In otion. The magnitude of vector F Is
f ji I

obtained from Equation 40 and Its direction from Equation 38.

The total moment on the system is given by

L a i a ?nxix F1  h

Note that the vector XI includes the contribution of the moment
p

arm due to the length of the isolators.

1-0
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4.4 DYNAMIC ANALYSIS OF LINEAR SHOCK ISOLATION SYSTEMS.

4.4.1 INTRODUCTION.

In the prvious sections, equations of motions and isolatl toic.

and moments were described for a six degree-of-freedom shock isolation

system where the requirement of linearity was not imposed on either the

suspension configuration or the system components. While the mathematical

model of a six degree-of-freedom system is adequate in calculating the

response motions of most shock isolation systems, there are designs in which

large platforms are employed whose natural frequencies lie close to the

isolation system frequencies. Under this condition the assumption of a

rigid body is invalid and the flexibility of the platform must be considered.

The platform and supported equipment are represented by discrete

mass points connected by elastic bars and combined with the shock isolator

elements. Thus a greater than six-degree-of-freedom system is formed. lhe

solutions of the response motions of a general multi-degree-of-freedom

shock isolation system with nonlinear elements are rather complicated and

the development of such a method is beyond the scope of work. However, if

the expected responses are relatively small, the system and the system

elements may be linearized for analysis. This section describes the use

of the normal mode method for determining the dynamic responses of linear

shock isolation systems. The use of response spectra directly as inputs

to establish maximum dynamic response envelopes is also discussed.

4.4.2 NORMAL MODE METHOD.

The normal mode method of analysis, described in many standard

Lext books on structural dynamics, enables the determination of the natural

frequencies and modal configurations of a structural system subjected to

free vibrations.
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Considering a structural system which contains n degrees-of-freedom,

the set of differential equations representing the equations of motion is

shown in matrix form as

(*] ) { K) (u) ( P) (46)

where [) is the inertia matrix, (K] Is the stiffness matrix, (P) is the

column vector of applied forces corresponding to the displacement u , and

(u) is the column matrix of the displacement coordinates.

In the normal mode analysis only the homogenous part of the equations

is considered; that is, the external load (P) is set to zero. Equation 46

then is reduced to,

[M] {L;. +CK] {u} - {o} ('4T)

Assume the solutions to be harmonic functions of time and in the

form of

uj(t) - e i t  ( U )  j 1,,3.. n (.8)

where u (t) is the displacement vector describing the vibration of the system

in the J-th mode, w is the frequency, 0(u) is the amplitude of the required
solution and is independent of time t

Substituting Equation 48 into Aquation 47, the following result

is obtained:

02 [M] ({0) - [K] {0) 0

or (.9)

((K]_W2 (M] (0) - 0

It is seen that for a nonetrivtal solution, the determinant of the

coefficient [ K] - w2 [M] mist vamish and expdnsion of the deter-
minant will yield the characteristic equation. The roots of characteristic

2 2
equation w are the frequencies of the system. w is real, positive but

not necessarily distinct.
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As a consequence, Equation 49 possesses a non-trivial vector

solution in terms of G. The modal vector 0 is a column vector whose n

components describe the relative amplitudes of the various points of the

system when it vibrates in its J-th mode at frequency wj.

When the modal vectors are collected into a single square matrix

of order n, the resulting matrix is called the "modal" matrix.

On 012 0i
(0 ) 0 22 (50)

€ni I.i

When calculating the normal mode 0 the amplitude of some chosen

point is assumed as unity. Thus, since the characteristic vectors 0r and 08

are determined only within the ratio of an arbitrary constant, it becomes

convenient to normalize these eigenvectors with respect to either [H] or [K]

The normalized modal matrix [0) consisting of the normalized

characteristic vectors [;,] has the property that

to]T "JC J M [()

coIT CK] Col - C023

and {Pt} is determined by

U * (52)

where C is an arbitrary constant to be determined.

Using a system of normal coordinates q which are a special type of

generalized coordinates, Equation 46 is transformed into a set of decoupled

equations of motion as follows:

CR] (q) + 2I] (q) (P) (53)
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where

R] o f [] C$ ] generalised moo matrix

ER E 0 CO]T (K] ]0 generalized stiffness matrix

{p) . (]T (p) - generalized force

(u) - [0] (q)

For the shock isolation system, the generalized forces consist of the

transformations of ground shock accelerations at the shock isolator attachment

points and Equation 53 may be changed into a different form from the energy

considerations.

The total kinetic energy of the system is

vhere X is the i-th ground velocity, and the total potential energy is

in
V " 1 E iKJl~-

2 t K iJtaUJ
i-i Jul

Transforming to normal coordinates q by the equations

a
I Ul" ikqk UI O iklk

k-l kal

the kinetic energy equation becomes

T 02  02 t 1 E ~hIk k +2 F Mi- i



and the potential energy equation Is

where is the frequency of the k-th mode.

From Lagrange's equation

d 3aT ~ 3VTt- 5 q N % o

the folloving equation Is obtained

q q;( rikj /~ NJ *02 k u1,2,3 a (,I4)

where a is the number of mode capsulated.

i is the I-th input acceleratton and where rlk is the participation

factor which is defined as

rik a Ni Oik

Thus, from given ground excitations, Equation 54 can be solved for

q, and the response motion can be obtained by the transformation

(u) - Cl(q)

To reduce relative motions in a shock isolation system dampers can

usually be added to the shock isolators. In this case, Iquation 54 is changed

to include the damping term as follows:

n I
Uk +*( 2 r f N02 (56)

k 129# .......
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where Ik f fraction of critical daming

C

and Ck is the damping coefficient in the generalized coordinate system. The

inclusion of the damping term in Equation 56 implies that the modes are not

coupled by the damping term or that the damping matrix contains only diagonal
elements. This restriction is necessary in order to decouple the modal

equations and is permissible provided the damping values are small.

4.4.3 USE OF RESPONSE SPECMhA AS INPUTS.

For a linear shock isolation system, response spectra can be

used directly as definitions of the input excitation function to establish

a maximum response motion envelope. Squation 54 is recognized as a set
of m single degree-of-freedom equations at frequencies w k where k - 1, 2,

.. The input excitations consist of ground accelerations modified by

participation factors. From the definition of a response spectrum, the

maximum displacements in normal coordinates q can, therefore, be obtained as

k) " rLk ik/A Mi 0ik

k M 1,29 ...... a

where D is the displacement indicated on the response spectrum at frequency

wk due to a ground shock in the i-th direction. It follows then that the

maximum displacements in generalized coordinates are

X
eui)a 1: k-i X max (58)

k=l



Maximum acceleration and velocity responses of the i-th poi,,t can

be calculated by differentiation of Equation 58. To include the effects

of damping, the values of Dik may be obtained from a damped spectrum.

4.4.4 LINEAR SIX DEGREE-OF-FREEDOM SHOCK ISOLATION SYSTEM.

If the platform of a linear shock isolation system can be designed

such that its lowest fundamental frequency is at-least five times higher

than the highest mode frequency of the system, the elastic responses cLf

the platform will be small compared to the total response motions and only

the rigid body motions of the platform need to be considered.

The shock isolation system is reduced to an analytical model with

six degrees of freedom. In this case, both the [M] and [K] matrices

as in Equation 46 are sixth-order symmetric square matrices and can be

easily established.

Figure 1-17 shows a completely general rigid body, elastically

supported at n points by springs with stiffnesses Ki. The springs are

attached to the body and to the ground at points Ai (xAi, YA' zAi) and

Bi(x' YBi' ZBi). The positions are referred to a set of coordinate axes

x, y, z fixed in space. The body contains m number of masses M i located by

the coordinates xi, Yi. zi. Each mass has three principle moments of

inertia I,, ly,, Iz, with respect to three axes x', y', z' which are
y' z'

fixed through the center of gravity of the masses and parallel to the

coordinate axes x, y, z. The total mass of the body is Mi

and the center of gravity of the body 0 is given by the coordinates

x, y, z. Using the following sixth-order displacement vector:

x

y
z

U

Xx
Y

SZ'
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Figure 1-17. General Rigid Body Shoving Typical
ElaStic Suspe(sion at Point A

where the first three elements describe the trnslations of 0 ad the second

three elements describe the rotations of the body with respect to the axes

pausing through its center of gravity, the mese and stiffness matrices may be

developed as shown in Figures 1.18 and 1-19. The derivation of these matrices

are described partly in Sections 3 and 26 of Reference 20.

Assuming the center of gravity of the body has maximum translational

responses of xo, "o' Zo and rotational responses ef *x, *, * z then the

maximum translational motions of a point in the body which is at Xd, and Zd

distances away fro the canter of gravity can be obtained by the following

transformation:

i-i



X % yQ .'Osw A + -cosQ .sing Xd Xdy zy
* h1lIe .s,, . -sine .sinGx y x y sine

cos@ sin@ Y
z z

Y1s Yo + -cOS x. singz cosQ . + --coso cosg . cosO sing} . -os n x-a (59)

x z ycosOKsinG sinG z  z

e  
0 Cos@ . zd d

sing .sing sing .cosQ) s. 4
X s X z c os{

y

ma

0 0 -E 0

1-2. .0 0 *,I',,u

0 0

0 0 JIN JIPY 0

rIa a * k. ,

4 NOY.E Xi, r-, ,.

0- -ZM.D iitjoz~ Dal U, ~ -

Figure 1-18. Mass Matrix for the General Rigid Bod
With Six Degrees-of-Freedom
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If the rotational angles 0 x ,,, and 0z are small, cos Oxzcos y2
cos nz I and sin 0 Xr 0x, sin 0 y z y and sin 0z 0z where the angles
are in radians. Using this substitution, Equation 59 is reduced to the following

form:

['xoj [:z 2. L .'dJ y

[ 7O +* [ 0 . Yd (60)

Although the normal mode method is a very useful tool in dynamic
analyses, caution should be exercised in its application to shock isolation
problems. As described in this section the method is applicable only where
the motions are small. For large motions most shock isolation systems
become highly non-linear. Furthermore, the isolator elements themselves
must fulfill the strict linearity requirements.
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SECTION 5:

TH1E'ORY: SHOCK ISOLATION SYSTEM OF A NON-RIGID PLATFORM

5.1 INTRODUCTION

The structural dynamic response analysis, using the normal mode

technique discussed in Section 4.4.2, is not limited to the rigid-body six-

degree-of-freedom structure. In particular, the stiffness matrix [k], in

Equation 46, could represent the stiffness matrix of a multi-degree-of-freedom

system, in which a six-degree-of freedom rigid-body matrix is a special case.

The analysis of a non-rigid platform can be treated mathematically as a multi-

degree-of-freedom problem. The dynamic response can be computed either

directly or by the normal mode technique.

The stiffness of a non-rigid platform, controlled by the bending and

shear stiffness of the basic components that comprise the platform, could be

estimated on the basis of elementary beam bending theory with limited accuracy.

A preferred approach is to divide the platform structure into several elements

(or components), to compute the stiffness of each element, and then to compute

the overall stiffness by recombining the elements using equilibrium and com-

patibility at each joint where the elements are connected.

Digital computers are ideally suited to the latter type of analysis.
25 19There are many existing computer programs available, such as NASTRAN2 , STARDYN

18
and DASAS-1 , that could be utilized for determining the dynamic response of

a non-rigid platform. The purpose of this section is to describe the key

operations and theory of a computer program, ISlP2, especially developed for

this shock isolation design manual. ISIP2, which takes advantage of many

special features of a flat, horizontal platform, should not be used as a

general structural utility program. ISIP2 is designed to analyze a three-dimen-

sional platform using three dimensional beam elements. The beam element stiff-

ness is modified to include the effects of the platform surface panel. This

feature and ISIP2's limitations are discussed in Sections 12, 13 and 14, Part

II of this maru'al.
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5.2 PLATFORM STIFFNESS MATRIX BY FINITE-ELEMENT TECHNIQUE.

The following discussion illustrates the calculation of the finite

element stiffness matrix. A two dimensional beam was used for simplicity.

Consider a straight beam of length L shown in Figure 1-20. T1ii.,

beam is connected between joints m and n and has a local, right-hand (yl. y 2 ,

y3 ) coordinate system with the yI-axis directed towards joint n, and the Y3-axis

directed normal to the platform surface. Loads and deflections at the two

ends of the beam are oriented along the y 1-axis system and are defined as

follows:

Fni = force at joint n along the i-axis.

Mi = moment at joint n about the i-axis (right-rand rule).

Un = deflection at joint n along the i-axis.

ani = rotation at joint n about the i-axis (right-hand rule).

It is assumed that the beam can develop axial elongation and com-

pression along the yl-axis and bending in the yl and Y2 plane, and that these

two types of deformation are uncoupled. The relationships between the end

loads and end deflections are expressed by the following 6 x 6 stiffness

matrix equation:

F m F.n

Figure 1-20. Coordinate System, Deflection and Load

Components of Straight Beam Segment
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-(61)

782 :F U .2
1 1 II o o oo o

a *6! Z'3 3 0 -6 IM3 4- 03L L

where

E - Young's modulus of elasticity

L - beam length

A - cross-section area

13 - cross-section area moment of inertia about y 3-axis.

Equation 61 can be rewritten in the condensed form

{F [ k] {U (62'

where

IF mI - 6 x 1 force matrix )
[K] a 6 x 6 stiffness matrix as defined by Equation 61

lu MI - 6 x I deflection matrix
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A platform structure is generally composed of many interconnected beam-like

elements. For the purpose of identifying the various elements, it is con-

venient to number these elements with an integer numbering index e = 1, 2, 3 ...

Thus, if the above beam represents element e of such a frame, Equation 62

can be written in the form

SF~ 1C [K el1  ~Ue WOf

The elements of a platform may be arbitrarily oriented so that the

local Y and y2 coordinates of the various elements are not parallel. This

implies that the component end loads and deflections of two beams attached to

a common joint may not be parallel. In order to eliminate this difficulty it is

desirable to establish a common (xi, x2 , x 3) - coordinate system for all joints

of the platform, and to transform the load and deflection components from the

local y.-axes to the x.-axes for all elements of the platform structure.

Let [T denote the 6 x 6 transformation matrix for the load and deflection

components of element e, and define the transformed loads and deflections as

iLllows:

=~~~ IT 6x matrix of loads for element e
defined with respect to the xi -axes.

mne = [Te mne = 6 x 1 matrix of deflections for element

e defined with respect to the x* -axes

II
Substitution of Equation 64 into Equation 63 leads to the transformed stiffness

matrix equation:

7el= We J ne}

= [Te ]Ke = 6 x 6 transformed stiffness matrix
e e e]J Ilei

For rigid frame joints, all elements attached to a given joint have equal

deflection components (at that joint) with respect to the xi -axes, and since

this compatibility condition is valid at all joints, thp subscript e in the
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deflection matrix { }can be deleted, giving simply {~}.Thus, Equation
65 can be written in the form:

e [- "1 (66)

Each joint must be in equilibrium under the action of all loads applied to the

joint. Thus, for each axis at each joint of the frame, the summation of

component loads for all elements attached to the joint must be equal to the

corresponding externally applied load. To express this condition mathematically

requires the following quantities to be defined:

Fmi e  = force along the xi-axis at joint m due to element e.

Uni = deflection along the x -axis at node n.

(KnJ) e= stiffness of element e (which attached between joints m and n)
mi which leads to a force Fmie due to a deflection U

F. - external force along the x -axis at joint m.

Then the external force F is defined by the equation

mie~~ n i(~ )
e e n j e nj

~n -~j
e n J

n j m nj (67)

where

njj
n!_ (Kn ) = element of overall stiffness matrix of platform (68)

e
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The set of E'quation, 07 fcr all (mi) can bc written in matrix notation which

leads to the stiffif nsn matrix to r- the entire platform itLrt ctliure The coirmion

x i -coordinate syst ,m wse. in thIt sect i)n is i tqp 1ced lv (X, Y, Z, ,I H y, )

in ISIP2 output for convwni enco.

5.3 EIGENVALILA LND IGENViECTOR SOLUTiON.

The normal mode solution of the equations of motion (Equation 46)

has been discussed ini Section 3.4. Te equation to be solved was reduced to

the form presented in Equation 49.

([K]- 7 [M]) 0 (49)

This expression represents a set of n homogeneous equations for the

vibrations of a n-degree-of-freedom system in their normal modes. The non-

trivial solution to this su-t of equations (one for which { ¢ # 0) is obtained
by setting the determinant of the first matrix equal to zero or

([K] - o]) (69)

This is the characteristic equation for the system, and its roots

are the eigenvalues, we , which cause the determinant to go to zero. These

are the natural frequencies of the normal modes. For n-degree-of-freedoms,

there will be n real eigenvalues, or natural frequencies, which satisfy the

equation. The norifl mon(e shapes n , or eigenvectors, are determined

separately by substituting the natural frequencies back to Equation 49. The

deflection amplitude{?/ are determined by solving n-i of the resulting

simultaneous equations with any one of the amplitudes arbitrarily set to

unity. The resulting values of (one for each degree-of-freedom and

modal frequLency(. ) arc then normalized to a unit value for the maximumn

deflection in each node shapes 1 n"

Seveal mthod 2 6

Several methods 2 may be used to find the eigenvalues and eigenvectors

from Equation 69. Lach of these methodb may have its inherent advantages

and disadvantages depending on the nature of the problem. Some methods will

compute all the natural frequencies of the system, while others may give the

highest of lowest frequencies of one's choice. Some methods are much more
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complicated in theory and programming, but very efficient in eigenvalue and

cigenvector evaluation for structures up to certain size, while other methods

are simple and straight foreward, but not necessarily efficlenl. However, tl

officiency of any method is drastically affected when the size of the

characteristic equation matrix of Equation 69 exceeds the computer core space

limitation.

The following method, used in ISIP2 computer program, is an alternate

form of the Stodola method. This method has the advantage of providing the

simultaneous solution for both the natural frequency w and the normal mode

shapes i in one basic iteration process. Basically it is a matrix

iteration operation using the inverse stiffness matrix, and is most useful

when only the lowest few modes are to be determined.

Equation 49 is premultiplied by the inverse stiffness matrix [K]1-

and rearranged to give

= 2 [K- 1 [Ml {+1

(70)

where [B] = [K]- 1 [M]

The iteration process, carried out with this expression converges on the

lowest or first natural frequency of the system in the following steps:

* A trial value of the column matrix of amplitudes { I is assumed.

If this trival value is arbitrarily chosen so that its largest

element is unity, it may be considered to be a first order

approximation for the mode shape {Il} for the first normal

mode.

" The assumed value (4i1 is inserted in the right side of

Equation 70 and the product [B] 411 is evaluated. The

largest absolute value in this product is identified as the

quantity at+. If this quantity is now ivided out of the

product [B] V611 , then the first iteration step provides
r
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a second order approximation {l r+1 or the mode shape given by

r = W2a r+ B] to 11 l (r+Il+1 r=]1

where the bar signifies a normalized value for the product matrix

using the normalizing factor a

" If ll = , l within the desired accuracy, then the lowest
r+l r

natural frequency is found,

= ,l/ar - the lowest or first natural frequency.

The lowest mode shape is the column matrix

r o ill r+l

* If the desired accuracy is not achieved in the first iteration

the new estimated mode shape column matrix 1 i1 is inserted
r+l

back to the right side of Equation 70 and the iteration process

continued (i.e., r = 1, 2...etc.) until Equation 71 is satisfied

to the desired accuracy.

* An alternative way to check the accuracy is to compare the

normalization factor at+ 1 with the previous iteration. If the

two values are equal, within the desired accuracy, the iteration

process is accomplished.

" For most problems, only a few iterations are required to achieve

good accuracy unless the natural frequencies are very closely

spaced.

For the next higher natural frequency w29 additional steps are required.

The next higher mode is modified, based on the concept of orthogonality of the:

normal modes, to remove all influence of the previously computed modes. This
27is carried out using a "sweeping matrix" technique
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A ";w(t0, tng matrix", [S for the firsLt mudc is tlAilo, d,

1 0 0 0

!1 1 0 0
it0 0 1 .

[S1] = wherc: (72)

M1  Qli
0 0 0 1 0 C. = -

I M nQI
C1 C2 C3 C 0nl 0

th

This matrix has the form of an identity matrix with the n row replaced

by the coefficients for the nth displacement amplitude in terms of Lhe remain-th

ing variables and the n column has only zeros. This sweeping matrix is then

used to define a new frequency equation for the second lowest mode,

1') = W2 [B] [S 1] 1 21 (73)

The same iteration process carried out for the first mode is not

repeated except that the iteration Equation 71 is modified by the sweeping

matrix to become

= 2 a [B] [S1] 2L (74){¢1r+l ar~

In this case, the normaling factor arkI is the quantity necessary

to normalize to unity the largest element in the product [B] [SI] {12

Again, the bar designates a normalized value for this product. r

For the next higher mode (w3), a sweeping matrix [S2] contains two

rows of coefficients and two columns of zeros thus eliminating the influences

of the first and second modes previously computed. The same iteration process

defined by Equation 73 is then repeated using [S2] in place of [S11 to find the

value of o3 and {.3"
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This iteration process, which is based on systems defined by the

inverse stiffness matrix coefficients, has the advantage of relative simplicity

for determination of the lowest modes of a system. The characteristic

matrix [B] of Equation 70 reduces in size, by one row and one column, every

time a sweep matrix [S n] is applied.

The dynamic response of a linear system by the normal mode method

has been discussed in Section 4.4. The use of shock spectra as input forcing

function was also presented there. The dyanic response of a non-rigid

platform using the normal mode method is, therefore, not repeated here.
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SECTION 6: THEORY: WAVEFORM SYNTHESIS

6.1 SYNTHESIS OF A WAVEFORM TO MATCH A GIVEN SHOCK RESP)NSE SPECTIJM.

6.1.1 I NTRODUCTION.

in many practical cases, the shock motion to which Lhe isolation system

may be exposed and for which it is to be designed is specified by criteria as a

shock response spectrum rather than as a waveform. If the system can be assumed

to be linear, the spectrum can be employed to bound the peak responses of the

system as shown in the previous section. However, if the response of the isola-

tion system must be defined in time or by a response spectrum,or if the suspension

configuration or its elements cannot be assumed to be linear, the input motion

must also be defined in time.

There are an infinite number of waveforms which can be generated whose

response spectra will match any given spectrum. This is due to the fact that the

spectrum itself does not define uniquely component amplification ratios, fre-

quencies, or their phase relationships. Indeed, the design shock is rarely unique

and in many cases it is for this reason that the input is defined by the more

general response spectrum.

In examining the types of motions to which shock isolation systems installed

in protective structures might be exposed, however, there are some qualitative

statements which can be made regarding broad aspects of their time-histories. For

example, at frequencies well below the fundamental of the structure embedded in

the soil, response motions of the structure will be almost identical to those

of the nuclear weapon generated disturbance. At higher frequencies, motions at the

frequencies of the modes of the constrained elastic structure will predominate.

Thus,from the nature of the disturbance and the dynamic characteristics of the

embedded structure,some indication of the ranges of component frequoncies and

amplitudes can be obtained.

Methods employed heretofore in synthesizing a waveform to match a given

response spectrum have relied heavily on trial and error techniques. Their disadvan-

tages have been first, that rarely was a good match with the specified spectrum

achieved,and second, that they did not enable a systematic variation in component

frequencies, comporeit amplification ratios, and component phase relationships to

be made. Recently Yang 6 developed an approach which overcomes all of these

disadvantages. The method is described in detail in Reference 21 and is reviewed

here in a simple form.
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6.1.Y IMA:;|{ PI'iN(CIPIK.

The eqttation of motion of a simpl linear spring ninss svstfsn

subjected to base excitation is

n n (75)

where r is the absolute acceleration of the mass, wn is the system

frequency, and W(t) is the base excitation acceleration expressed as a

function of time. The response spectrum of the excitation function W(t)

is a plot of the maximum response of a series of single degree of freedom

systems, defined by equation 75, as a continuous function of the system

frequencies wn"

W(t) can be written as a linear combination of some function f (t),m

such that

M

W(t) F= Amf(t) (76)

m=1 mm A

- 2Where A is a constant coefficient in in./sec2 associated with
m

the function f (t). The. problem here is that from a selected set of 4m

function of f (t), (m = 1,2, .. ), M number of A coefficients are det-ma m
ermined such that the response spectrum generated by this waveform, as

expressed by equation 76, matches M points on a given response spectrum.

To match a spectum exactly, infinite number of terms might be required.

However, since the response spectrum to be matched represents usually an

envelope of many spectra, it is only necessary to match the spectrum, as

generated by the synthesized waveform, within a specified tolerance,

especially at the region of the spectrum lying between the system frequencies

(an . This tolerance is acceptable so long as it does not exceed the prescribed

bounds set by the user of this waveform synthesis technique.
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If an analytical solution of Equation 75 can be derived for the forcing

function f (t), the problem is reduced to the solution of a set of M simulta-

neous algebraic equations for m unknown values of A m . However, depending on

the nature of the forcing function, the process may not be this simple. The

following sections discuss the selection of forcing functions, the analytical

solution of Equation 75, the method of determination of coefficient Am, and

the convergence of an iterative procedure.

6.1.3 SELECTION OF FORCING FUNCTION.

The selected acceleration forcing function must fulfill two basic

requirements. First, the velocity and usually the displacement of the function

must vanish at the end of excitation if it is to represent a physical transient

phenomenon. Second, the function must be adjustable to provide some control on

the response amplification ratio. While adjustability in phase is also desir-

able, it is not treated in this section.

Equation 77 is one possible form of such a forcing function.

f(t) sin 2wbi sin 2Nbt 0-< t T (77)

- 0 t:T

where b is frequency in Hz, N is an integer, and T * 1 Figure 1-21 is a

plot of this function where 
N 5.

If N is an odd number, say N = 2A+ 1, where is an integer, f (t) may bem

integrated with respect to t, and, taking the limit from 0 to T there

results

m fm(t)dt = fTm sin 2wbmt sin 2tNbmtdt

sin ~4Wb t 1 -sin 41y(X+l)b t 2b a 0 (78)" sinh.A m  4w(x+l)bm
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sin (2wNb 0)

Figure 1-21. POrm of Selected Forcing Flnction, N -

Double integrating f (t) there is obtained

UO

___coo_____ cos U 0

Therefore, if N assumes any odd number except unit, both the terminal

velocity and displacement at t > T are zero.
U

The response amplification ratio for a given component frequency w n may
be varied by changing the parameters b. and N in the forcing function. The
effects of the variation of these parameters will be discussed in the following

sections.
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6.1.4 ANALYTICAL SOLUTIONS.

Substituting Equation 77 into Equation 76

MW(t) - Am sin 2wbtsin 2Nbt 0:t 5T3  (79)

and Equation 75 becomes

n n Asin 2b t sin 2wNb t 0 < t < T (80)n n A i2b m- -

= 0 t )T

Since Equation 80 is linear, it can be solved independently for each

x from f (t) only and the final result can be obtained by superposition.m

Therefore, the problem becomes the solution of the equations

+ w2x a W2A sin 2wb t sin 2wNb t 0 < t < T (81)n nm a a is

+ Wzx - 0 t 3 T (82)
D -3a

where the initial conditions are

x(0) r ) 0

The solution of Equation 81 can be obtained by Laplace transforms.

The transform of Equation 81 gives the following equation:

- n -a 8 + IB - 2 + (c)2]c

where X L(x), B -21b d C 20b

1-133______ ____I



Rearranging Equation 83 to the form

*2o 2A BC 02$ (84)
n ac. [s2 + ].[62 + (B.c)Zl.[s2 1(DO2]

and taking the inverse Laplace transform of Equation 84 there is obtained

A W2 r cosw t - cos(B-C)t oosw t - coo(B'+C)t
x(t) M 21 nBC2-. - (85)-a2

(B-C~- -5w

Differentiating Equation 85 with respect to time

A w2 r-.. si t + (D-C).i.(3-C)t -. sinwt + (].c).in(B4c)t1;(t) annn n(6
S(B-C) 2 - - (C)2 n( 8 6 )

The Laplace transform of Equation 82 with the initial conditions

at t=T : x(O)=x(T ) and *(O)mu(Tm ) gives the following equation:

- 3

Substituting Equations 85 and 86 in-Equation 87 at t = T andm

rearranging there is obtained

A..28 co.,, - CoO(B-C)T . co.wT. - co(B4C)T%

S2(sz+ )

A w2 -.n (3-C)Sin(B-C)Ta n Ml

I.. aiS T - (B+ C)s in(B C )(88(C)Z (88)
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Taking the inverse Laplace transform of Equation Hb

A w2

x(t) m n co.bt ( 1 1 )2 (-C )2 - .,,r -CII+c)2- ..2

4n-( - )( - n)

+Cos (t - T) + (BC)T,] coo f[a oEt - Tm) - (BCT-+ --. 'R n) - (+ + n +)

t T

Equations 85 and 89 can then be rearranged to obtain

X(t. 1 coo 2w;t - cos[2,l(1)b.t ]

coo 2w t - Cos(2(141)bt )

,n(1 3)'2 ')

b2  coo 2w ,,t- 1-1+1 o wr, <- (t T t+ ,AmN; 1An nA~ -T
mn [(-) 2b2 - i2" ( .,)2b -2a i M nj

where w n 2w, and H is Heaviside function.n n

Finally, solutions of Equation 84 can be written

M
x(t. p b3 ) " A3 _(t, , b ) (91)

where S (t, , b ) takes the form of the right-hand side of Equation 90
without A The first part of Q1I defines the responses of a system with frequency

Wn during application of the excitation fwaotion W(t), and the second part

defines the responses after termination of the excitation function.
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Equation 91 is valid for all values of t, n, and bm with the

exception that at b = ;( - N ) and b = ; M + N ),both numerator
m n m m n m

and denominator of the equation vanish and the value of the equation is

undetermined. However, as b approaches eitherZ n( - N ) or Z /( * N ),m n m n m

the limiting value of Q can be obtained by applying L'Hospital's rule.

Hence, Equation 91 can be rearranged as follows to resolve this difficulty.

q~~~~ (t 'b) -; [wi(3I1)3nt son 2w~at + @in 2w; tJ
1,, (t , ;n b) -1 2. l'",a,"- •.-

(N1)2 [o. c ,- - oo 2w- + 3 I -)I .]1 ) 1

. _ , *( 34 (N-1)J IT' t) (92)

N(N-)W +2 (N-4 1IW(3~j)2coS 2w, t + 2 eta 24.1t~N~u-1)v jl*2411 € !l- (t - T

where " 6 ( 1 - b. C) I<<.

mad

t(1)2 co 2 t - coo o2 9N

itw; IWuw..(m*1)t coon 21r~nw;t+ in24 N (T. -t)(9

2 aat(3

1 4 -U1.4(N-1) a( N+0 - it (Ht -

where a M 1- ( 0 - b6) aw 1614<1

Depending on the value of bm, Qmin Equation 91 may take the form of

Equation 90, 92, or 93.
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IroM the given it bponse spe t rim, M nijtiber s uf V. maximum r.,spone at
"K

W 1i el !li ic\ Laun ),C selt-L eJ and froa ti.e sPeLed w k k = 1,2 .J) freuenci.'.

X numbers of waveform components are ftixed where each component ha a

frequency ba determined as a function of ; and Nm . It is shown later that

the proper selection of bm and N approximates the amplification ratio at the

frequency ".

S..5 D;. TERY-,1NAIouN 01 (OEFE , IEN1.

:hv next step is to determine the coefficients A . From the giveii
m

tesp, nse tpeLtIum, 'IL numler of xk maximum response at jk frequency are

-e jec ted.

Q s aIstn i . <f , the lie t, at whi.h the maximum

T t. P r- x, ,- to , det'u, in .d. ,ifi-el t i.ti:. Equation I there ib

'i Eqt ' L , '4 r. h( tir t, can be determined at which x

M naXIIOILT hnt r vhr Ste 2N iqt is i oi,ws.

a AmQ ltI w..... .
k 1, 2.

and

~a TQM(tkwk - Q ml

k *1, P..

.' n1 *-- '-it] ' :r, - , ar d M nkr-wns t k can be found.mk

However, this procedure is a #tat,,Le cnily for relatively simple functions of

Q,. If I to a continuous thiaetic.- which chsarsm slope more than twice, then

.. viii have mere than two values of k and another operation is

required to select the tk which corresponds to the maximum value of x.
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Furthermore, for the selected waveform, the response function

contains transcendental terms. An analytical solution to obtain coefficients

is almost impossible. The alternative is to use a numerical iteration process.

6.1.6 DESCRIPTION OF ITERATION PROCEDURE.

Assume first a set of trial coefficients 1, -A2, --AM where M is the number

of points to be matched on the given response spectrum. Then, by utilizing a

computer a search can be made for the maximum value of Equation 91 for a given

set of M number of wk frequencies during a specified time range of 0 < t < T

where T is greater than T . In the process, a set of H number of t is alsoa k
established where t k is the time when the maximum reapmse occurred.

Therefore

K - [Qk ] IXMW Where: (97)

k a 1, 2, 39 ..... M
a a I, 2, 3, .....

M
where ; is the maximum value of E A.Q.. comresponding to (,ks and Qkais a

Mal
numerical value evaluated at t = tk .

Usually, the calculated maximum response k from the first values of Ak m
does not coincide with the maximum response values from the given spectrum at

frequency . A new set of A. values can be calculated as follows:

JAM) o [0 F' fIk Where: (98)

k a 1, 2, 3, ..... M

m - 1, 2, 3, ..... M

where xk is the maximum response value from the given spectrum at frequency

;k. In order to invert the matrix [Q..]. the determinant Ql must not

vanish.
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From the calculated n,w V'al .e oI e nlf ( ie.nk s, e I 'I end t

Vf 111 0S ir" J C Ii ]Il i ., h I " I)1 0L ( I ( fli h0 r ( p.n 'It I i t I hli (( it I 1 1-dIII I

ilm r'. .ponsf1 . rt app .ux ililt P V tqi n . Id to I t h , (1,, i ol -C tebp,:i.,' vtlir L rom tklo

response spectrum or Ixk - xik < C, where C Is an arbitraril small number.

In summary, the i teration procedur'e (an be listed as follows:

0 Choose M as the number of points to be matched on a given response

spectrum.

0 Select a set of trial values of A ' (a " 1, 2, .... ).

* Specify a time range 0 < t < T where T > T a

Search for maximum values of .AQ for each ad record tk at

which time the maxima calculated response ' occurs.

0 Evaluate the numerical values of Qkm at t t k

* Invert matrix [Q ].

* Calculate new values of coefficient by Equation 98.

Re ea the p o e s u t lIN - ; • c C

6.1.7 CHOICE OF SYST14 FREQUENCY ON THE SPECTRUM.

In the last section no mathematical pro f uas given to show that the iter-
ation procedure is convergent for any value of forcing function frequency b . How-

ever, it ha3 been found by trial computer runs that if bm is chosen properly,
thenthediagonal elements in N .m] are large when copared to the off-

then thelae

diagonal elements and in this case, the iteration procedure converges.

From Equa ePn 0 it can be hn)wn that't he ratio of b t.o Z is large,
the valie of Qi (t :3 , b ) is caldi) and decreases in the order of the ratAo of

(n) "It can also be shown thal. the function . attains a maximum when the

ratio b5 /w is approximately in the range of to . The value of

is shown as a function of the ratio b /wn for M 5 in Figure 1-22.
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Figure 1-22. Maximum Response as a Fraction of Frequency Ratio

Thus, the proper choice of b for a given U guarantees the convergencem n
of the iteration process and in combination with the value of N, controls the

amplification of the response motions at the system frequency w . However, ifn
any two system frequencies are too close, the magnitude of the element next to

the diagonal element is of the same order as the diagonal element and the itera-

tion procedure does not converge. From a series of computer trial runs, the

following table was compiled and can be used as guidelines for the system

frequencies selection for different N values.

N 3 5 7 9

wn/wn_ i 1.95 1.7 1.61 1.43

6.1.8 COMPUTER PROGRAM.

A computer program has been developed to systhesize the time-motion history

from a given response spectrum by the method described in this section. It is

called the WAVSYN program.
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6.2 FURT1LER II1PROVEi1'NT FCR THE WAVEFOP0J SYNTliESIS; POGRA.

6.2.1 OBJECTIVES.

The WAVSYN technique described in Section 6.1, consists of ruperimposin.,

a series of sinusoidal components, each component first increasing and then de-

creasing in amplitude. Each component consists of an odd number of half-cycle

oscillations. The number of half-cycle oscillations is also approximately equal

to the amplification ratio of the frequency component. Discrete points on the

response spectrum to be matched are then selected, and from the required number

of half-cycles, the frequencies of the waveform components are fixed to gencrate

resonances at the system frequency match points. By an iteration process, the

computation adjusts the component amplitudes until the required responses are

obtained at the selected frequencies.

This waveform synthesis approach guarantees a good match at the selected

frequencies on the spectrum. However, at intermediate points between the selected

frequencies at which a match is fixed, the spectrum of the synthesized wave may

differ considerably from the desired spectrum. Locations of the selected frequency

points then must be adjusted or additional frequency points added to improve the

correlation. However, there are no clear guidelines as to how the frequency points

should be controlled to improve the matching results at intermediate frequency

points, and there is no guarantee that the adjusted result could not be improved

further.

Thus, the first objective of the improvement in this section is to exanine,

in detail, the contribution of each frequency component to the spectrum of the

composite motion and, from this examination, attempt to establish mathematical

rules for proper selection of the frequency points. These mathematical rules

would serve the following purposes: (1) increase efficiency of the application of

the WAVSYN program, and (2) improve accuracy of the results.

The waveform synthesis technique presented in Section 6.1 requires that

all frequency components be initiated simultaneously at the beginning of the wave.

In many applications, however, some information on the phasing of the frequency

components is available, and ralely are the components observed to begin simulta-

neously. In the SAFEGUARD design, a notable example is the free-field pround mo-

tions where it is knowm that the relatively low-frequency outrunning components

preceae, by P Gignificarnt tie yer'iod, the high frequencies associatod with the

aizblaut-induced motion.

1-141



While the shock response spectrum does not contain pnasing information,

it is easily shown that the responses of coupled linear systems and of nonli:,..ar

systems are sensitive to phasing of the frequency component of the input wave.

Just as in the present WAVSYN program an attempt is made to approximate the

amplification ratio of each of the components, so would it be desirable to

approximate the phasing of each component if such data are available. Thus the

second objective of this study was to incorporate the arbitrary phasing of the

frequency components in the WAVSYN program to achieve a realistic simulation of

the SAFEGUARD environment.

6.2.2 BACKGROMID.

A waveform, synthesized by the method just described, yields a response

spectrum which matches N points on the given response spectrum and approximates

the amplification ratios at these points. There are two further items which must

be considered. The first item is the method of selecting the M frequency pointe

on a given spectrum, and the second item is that of controlling the responses

between the selected system frequency points. If the frequency points are selected

too close together, the response contribution of one frequency component to the

other frequency component may be so high that the elements for the matrix [Qkm]

cannot be fulfilled. That is, responses between the frequency points are much

higher than the spectrum between these same frequencies because the contributions

from both the frequency points are too high. On the other hand, if the frequency

points are selected too far apart, the responses at the frequencies between the

selected points are so low that they cannot meet the given response spectrum require-

ment at these intermediate frequencies.

Based on a series of trial computer runs, a set of system frequency ratios

has been established for different N values as shown in Reference 21. The following

sections present a systematic approach to the selection of optimum system frequency

points.

6.2.3 NORMALIZED RESPONSE CHARACTERISTICS OF THE WAVEFORM COMPONET.

To establish the contribution of the waveform components to the total

responses between the selected frequency points, the response characteristics of

each waveform component must be understood. From Equations 90 and 91 the response

of one waveform component to the system frequency Z can be written as

n
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m 02c o o 2w n t - [co 12 (1-N bt

2) (lbII5  - r~

coo 24 t - coo, [2w(l+N ) b t t T
-+ ( U 2b2 - ;

U2A 23 b24 1 o 2w; t - coon 2; (t ~ )I} t T(9
2Nan a \22 - Q o 2 t 1_

Setting (1 - N ) = C 1 , (1 + Nm ) = C2 , t/T = , and b /j; = R,

Equation 99 is reduced to the form

S4N R2 (
.- ,,oo ( o.- Cos , T oo I T)

A - ~ R - 1) 2( R+ 1"%) sn -1 i 1 0o<,I <,

V 1 5(C -!)_~ - - 1 10

that during the application of excitation function, the normalized timervaries

from zero to one. Different values of frequency ratios tan be interpreted as

the response motions of different systems at frequency 7a due to a waveform

component at frequency bm* For example, if the vaveforn comrponent frequency

is 1 Hz, then when R is equal to 0.1, 0.5, or 1, the system frequency is 0.1

Hz:, 0.5 Hz, or 1.0 Hz respectively.
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The normalized response spectrum can be obtained from Equation 100 for

different values of half-cycle oscillations. As shown in Figure 1-23, the solid

lines represent the maximax spectra and the dotted lines are the residual spectra.

These plots confirm the conclusion reached in Reference 21 that the resonance

conditions or the maximum responses occur at R equal to 0.28 and 0.19 for N

equal to 3 and 5 respectively and equal to 1/N for N equal to 7 or greater.

An indicated on the residual spectra, the responses are zero at certal values

of R. On examination of the second part of Equation 100, it can be seen that

vhen R equals to 0.5, 0.25, 0.1667, 0.125, 0.1, etc., sin L is equal to zero

and x/A vanishes. However, depending on the values of N, there are exceptions.

For example, at N - 3 the denominator also is equal to zero at R a 0.5 and

0.25. Then, a finite response can be obtained at these values of R for N 3.

It is also interesting to note that the maximum residual responses have

the same values as the maximax responses. Analytically, this can be evaluated

as follows:

Differentiating the second part of Equation 100 with respect to T, the

following equation is obtained:

dX/A 4 - 4N 2 (w/R) s ( (101)
d(CZHZ - 1)(CZHZ - 1)sn Cs2

Setting Equation 101 equal to zero and solving for T, the results are

2 2 2 2 2 ..........

Substituting the values of 7 into the second part of Equation 100, the

maximum residual response is

x IN R2

ax. 2R2 m ZRZ  sin - n 1,3,5,.... (102)
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For a given value of N, the normalized time-motion histories is a

tunction of R alone. At a small value of R, say .02, the response motion is

almost identical to the input motion and the maximum normalized response

amplitude is one. As the value of R increases, thto response amplitiide al-,(

increases. At the resonance condition of R = 0.28, the maximum response ampli-

tude of 3.3 is reached first during application of the input motion at r less

than one and then during the residual vibration phase. As the value of R

increases further, the response amplitude begins to decrease.

As mentioned earlier, the waveform component frequency is selected to

produce a resonance condition at a system frequency, so the convergence of the

interaction solution is gu~aranteed. The response contribution of the waveform

component is relatively low to the other system frequencies which are much

higher than the resonance system frequency. On the other hand, for those

system frequencies which are much lower, the normalized response amplitude

approaches one. In general, the magnitude of a response spectrum in terms of

absolute acceleration increases as a function of increasing frequency. Thus,

a selected waveform component has only substantial response contributions to

those system frequencies which are in the vicinity of a resonance system

frequency.

6.2.4 SELECTION OF FREQUENCY MATCH POINTS ON THE SPECTRUM.

The complicated nature of the response motions precludes use of a pure

I ,mlyt Jit appruimh tn sel(ct optimum locations of the frequency match points

o,, tht. specium. Howevet, a set ()i system frequency ratios can be established

for the constant displacement, velocity, and acceleration regions on the

spectrum.

The results in the previous section indicate that the response contri-

bution from one waveform component is primarily due to those system frequencies

which are nearest the waveform component frequency. To establish the optimum

system frequency ratios, an approach was adopted which considered only three

system frequency match points on the spectrum.
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Figure 1-24 shows three selected system frequency points, labeled as 7I1

;2, and ;3 on a spectrum. The system frequency ratios are a - ;2/wl - ;$/;1.

The vaveform component frequencies are selected to produce resonance conditions

at the system frequency points. Thus, bl/ 1 a b2/; 2 a b3/W 3 a Rn where Rn is

a function of N, the required half-cycle oecillation. At the constant dis-

placement region of the response spectrtm, the required response amplitude is

related to the system frequency by the following ratios:

X1 2 2

22  
w2

Similarly, the relationships are x /X = 2/x 3 _ i 2/43 for

the constant velocity region, and x, = x2 = x3 for the constant acceleration

region.

Based on this formulation of three system frequency points, a series

of waveforms are synthesized to match the three regions on the spectrum. At

each region, both the values of N and a are varied. The response spectrum

generated by the synthesized waveform is then Compared with the required

spectrum, and the maximum deviation from the requirement in the region between

frequency points ; and tIs es~ablLsh.

Figure 1-24. Three Selected System Frequency Match
Points on a Response Spectrum
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The results are summarized and plotted as in Figure 1-25 for N - 3, 5,

7, 9, 11, and 13. On each figure, the maximum deviation is shown as a function

of the system frequency ratios for the constant displacement, velocity, and

acceleration regions.

At N - 7 or greater, the deviation is less than 10 percent at low system

frequency ratios. As the system frequency ratio increases, the deviation in-

creases to a peak of between 40 and 50 percent and then decreases to a valley of

less than 15 percent. It would seem that the optimum system frequency ratio

should be selected in this valley region because it has an acceptable deviation

level and also has a high system frequency ratio which means fewer frequency

match points on a given spectrum. There are relatively small deviation differences

between the constant displacement, velocity, and acceleration regions. Thus, one

optimum system frequency ratio can be used for all three regions.

For N - 3, the iteration process does not converge at system frequency

ratios of higher than 1.4 at the constant displacement region. The deviation i

less than 10 percert up to a - 1.55 for the constant velocity and acceleration

region. For N - 5, the function of maximum deviation versus system frequency

ratio follows the general shape as for N a 7 or greater. However, the peak

occurs at a high value of a. Thus, for both N - 3 and N - 5, the optimum system

frequency ratio must be selected at a relatively low value.

Table III summarizes the optimum system frequency ratios for different

N values.

TABLE III

OPTIMUM SYSTEM FREQUENCY RATIOS FOR DIFFERENT N VALUES

N 3 5 7 9 11 13

a --- 1.3 1.35 1.6 1.45 1.35 1.3
--1
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The above system frequency ratios are established on the basis of

considering only three waveform components which have identical number of half-

cycle oscillations. Even though the response contribution from moue rtei.'tr wevv-

form components is small, the deviation may change to a higher value when mole

vaveform components are involved. Furthermore, when the adjacent waveform

component has a different value of half-cycle oscillations, the established

system frequency ratios may also change. Thus, the optimum system frequency

ratios shown in Table Ill can be used as a starting point to initiate a solution.

Depending on the factors such as the shape of the required spectrum, the

number of frequency match points, and the values of N, minor adjustments on

these ratios are still required to obtain an optimum total solution.

6.2.5 PHASING OF WAVEFORM COMPONENTS.

As stated earlier, phasing of the waveform components can be repre-

sented by a given time delay of the waveform component with respect to the

starting time of the total waveform. Mathematically, the waveform with the time

delay can be written as

M~)a~ A (103)M

f . 0 < t t da

sn- sn2w bt sin 2 Nbt ta t t +04)

.0 t >t m+ T

where tdm is the required time delay for the ith waveform component.

Equation 104 is identical to Equation 77 except that it is valid in a

different time region. Thus, with the change of time region, the response

motions shown in Equations 90 thru 93 are also valid for a waveform with time

delay. In other words, the response motion of the mth waveform component is also

delayed by the time tdm' Since the waveform component frequency is selected to pro-

duce a resonance condition at a given system frequency, the time delay has little
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a drastic eifect on the systems which have frequencies between the .ele ted

frequency match points. The optimum system frequency ratios established in the

last section are no longer applicable to a synthesized waveform which contains

time delays in its components.

The inclusion of the time delay effect in the waveform syntlhesis techni-

que is a refinement similar to the simulation of amplification ratio, where a

less accurate approximation must be accepted. The main objective is still to

match a given spectrum as closely as possible. However, instead of accepting

any arbitrary time delay, for any waveform component at any number of half-cycle

oscillations, some type of constraint must be established. The spectrum gene-

rated by the synthesized waveform with time delay will then match the given

spectrum within a reasonable tolerance at all locations. The following para-

graphs explain a systematic approach to establish the constraints.

Again select three system frequency points, ' Z2' and Z3 on a spectrum

and the corresponding waveform component frequencies are b1 , b and b3 for a

given N. If the time delays of the second and third waveform components are

td 2 and t d3, then the relative time delay between the first and second waveform

components is t d2 - 0 = t d21 and t d3 - t d2 = t d32 between the second and

third waveform components. The definition of relative time delay is clarified

in Figure 1-26.

If the relative time delay between two waveform components is longer thain

the duration of the first waveform component, the response of the system between

the selected frequency match points is limited to the contribution from th,.

after shock effect of the first waveform component, and it is doubtful if a

good match of the spectrum at that system frequency location can be achieved.

Thus, the first constraint is to use a relative time delay not longer than the

duraLion of the waveform component, nr the waveform components must be over-

lapped in time.
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1ST WAVE COMPONENT

2ND WAVE COMPONENT

310 WAVE COMPONENT

FigurU 1-26. Time Delay and Relative Time Delay
of the Waveform Component

From the b and N of a given waveform component, the duration of eachm m

half-cycle oscillation is 1/(2bm N ). The relative time delay td(m+l)m can then

be related to this duration by a ratio Dr = t d(m+l)m (2bm N m) For example, a

waveform component has N = 5 and b = I Hz. The duration of each half-cycle

oscillation is 1/(2)(1)(5) = 0.1 seconds. If the relative time delay between

this waveform component and the next waveform component of higher frequency is

0.25 seconds, the time delay ratio is D = 0.25/0.1 2.5. To satisfy the

first constraint, D must not be more than 5 for N = 5.r

Using the optimum system frequency ratios established in the last section

for a waveform with no time delay as a guide, the response deviation from the

requirement is established as a function of different values of time delay ratio

D for a synthesized waveform which contains three components.r

The results are plotted in Figure 1-27 for N = 3, 5, 7, 9, 11, and 13.

As indicated by the figure, the time delay has a drastic effect on the peak

response motion. In general, the function of maximum deviation versus time delay

ratio follows an oscillatory pattern. It varies from a maximum of over 50 percent

to a minimum of less than 10 percent. From these results, a set of acceptable

time delay ratio ranges can be established for a given value of N, such that the

deviation from the required spectrum is minimized. Finally, the range of

acceptable time delay for the waveform components can be calculated from the

acceptable time delay ratios. 'able IV shows a summary of the range of accept-

able time delay ratios for N 3, 5, 7, 9, 11, and 13. If the required phasing
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or time delay is not in the acceptable range, a compromise must be made to ad-

just the time delay, so this constraint can be met.

The acceptable time delay ratios shown in Table IV are devloped ior

three system frequencies spaced according to the optimum system frequency

ratios shown in Table 111. There are many other possible combinations ot time

delay ratios and system frequency ratios which are also acceptable. Therefore,

the constraint on the acceptable range of time delay ratios is directed towarrds

one possible combination used in this study to facilitate the application of

waveform synthesis technique. Under special circumstances both the established

system frequency ratios and the time delay ratios may be altered to improve

the accuracy of the overall response results.

TABLE IV

RANGE OF ACCEPTABLE TIME DELAY RATIOS

FOR DIFFERENT N VALUES

N 3 5 7 9 11 13

Time Delay 0 0-0.15 0 0 0 0
Ratio Range 0.15-0.45 0.5-0.6 0.8-1.2 0.9-1.3 0.9-1.3 1.0-1.45

1.7-2.0 2.7-3.0 2.5-3.0 2.5-3.0 2.7-3.2_.15-4.3 4.4-4.6 4.5-4.8 _.5-_.9

6.2-6.3 6.25 6.4-6.6
7.95-8.1 8.1-8.3 8.25

10.0 10.25
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6.2.6 CONCLUSIONS.

The two major objectives of the waveform systhesis modification were to

include phasing of the waveform components in the program and to establish

rules for the proper selection of the system frequency match points. These

objectives have been successfully achieved.

The use of time delay function to represent phasing of the waveform

components simplifies the modification of the WAVSYN program. However, because

of the response characteristics of the selected waveform, constraints are re-

quired to limit the acceptable range of time delay for a given system frequency

and amplification ratio in order to ensure that an accurate match of the spectrum

at the intermediate frequency points can be made. Although this restriction

is not desirable, it does not detract significantly from the usefulness of the

phasing feature. In most practical situations, exact information on the phasing

of the frequency components is not available. Further, the approximate simula-

tion permits variations in phasing to be made, thus providing a means for the

systematic evaluation of system responses to phasing.

Early in this study, a closed-form, analytical approach was attempted

and failed to establish mlthematical rules for the proper selection of the

system frequency match points. A reasonable alternative was to employ the semi-

empirical method described in this report. The rules shown in Sections b.2.3,

6.2.4, and 6.2.5 were established on the basis of different combinations of sys-

tem frequencies, amplification ratios, and time delays. As there are an infinite

number of such combinations, the recommended rules do not ensure optimum results

for all the possible situations. It is expected, however, that by applying these

rules, an accuracy of at least 15 percent can be achieved in matching the re-

qtiired spectrum.

Addition of an automatic method in the new program minimizes the trial

and error process required in synthesizing a waveform. In some cases, the manual

method is useful to suppress the constraints built into the program and to allow

fine adjustments on system frequency ratios and time delays. As shown in the

sample problems, the results obtained from the automatic method can usually be

improved, if necessarv, by manual>,1 idjusting the parameters.

The waveform synthesli tLecnique as described in Reference 21 and

expanded in this study Lonstitutes a new development in supplementing the response

spectrum as a definition of shock environment. There are many other possible
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applications of this technique, and the developed approach must i)e considpred

as a beginning rather than an end in solving this type of problem. Further

research should be made on the program to improve its accuracy, to eliminate

the limitations on amplification ratio and time delay, and to extend its

application to other areas.

Based on the theories and results developed in this section, the

original version of WAVSYN program has been modified to include phasing of the

waveform components. The program has been reorganized extensively such that

accurate results can be systematically obtained with minimum trial and error

effort. The size of the program is also increased from a maximum of 15 to 25

system frequency points on the spectrum. Based on the half-cycle oscillations

at the selected sytem frequency points, the time delays are forced to equal one

of the values listed in Table V. Minimum accuracy tolerance is usually set at

15 percent. The modified version of the program is titled NWVSYN.

TABLE V

ACCEPTABLE TIME DELAY RATIOS FOR DIFFEREY

NUMBER OF RALF-CYCLE OSCILLATIONS

N 3 5 7 9 11 13

Acceptable 0 0 0 0 0 0
Time Delay 0.2 0.1 1.0 1.0 1.0 1.25
Ratios D R  o.4 0.55 2.75 2.75 2.75 2.75

1.75 4.25 4.50 4.50 4.75
6.25 6.25 6.50
8.00 8.25 8.25

10.00 10.25
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Part II and Part IV include two addiLional computer piograms, F'OUMIJ

and FILTER, for the computation of the amplificatiun ratio spectlum flom arl

actual time-acceleration history record. FOURIE transfoims the time history

into its frequency domain, and FILTER computes the steady-state response at

the predominant component frequencies. The amplification ratio spectrum is the

ratios of the response spectrum of the actual time-acceleration history

(obtained from the SPCTRM) to the filtered response, at their corresponding

component frequencies. Each computed amplification ratio in the amplificatior

ratio spectrum must be multiplied by a modification factor if the input

motion time history is not long enough to allow sufficient oscillation.

Figure 1-28 compares the input sinusoidal motion to the filtered response

motion. For example, if the duration of an actual time motion is 4.75 seconds,

and assuming a low frequency component occurs at 0.4Hz, the maximum possible

number of cycles is therefore 1.9. Using Figure 1-28, the filtered maximum

response is 59% of the steady-state response for the input motion of 1.9 cycles.

Therefore the modification factor to the calculated amplification ratio is about

0.6 at the frequency component of 0.4Hz.

The actual amplification ratio spectrum input to WAVSYN/NWVSYN can be

derived from an envelope of several amplification ratio spectra obtained at

points around the location where the synthesized waveform is going to be

applied. 'Me envelope, therefore, represents a severe environment for the

hardware to be analyzed.
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PART I I

USER'S INSTRUCTIONS FOR COMPUTER

PROGRAMS
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USER'S INSTRUCTIONS

1. 0 INTRODUCTION

'1irteen computer programs were developed Lo anzalyze Like lh ck rtuinis

of a shock-isolated platform. A majority of these piogramis were d,:vwlop,-d

b%, the Kalph M. Pairsons Company, Los Angeles, CallfFori i-, 1909-10, ' :1t

analytical approacih discussed in Part 1. Numerous modificatioii, additior.s,

and plotting packages were incorporated into these programs by the Engineerino

Analysis department of the Sperry Rand Corporation, Space Support Division,

Huntsville, Alabama. Many of these modifications and additions were motivated

by the need of improved program efficiency, reduction of required computer core

capacity, and the need to integrate all the shock analysis programs. Physically,

these thirteen computer programs are integrated into two computer packages,

ISIP (Integrated Shock Isolation Program) and ISIP2. A few of these thirteen
programs may require new input parameters to increase programs' efficiancy or

flexibility. However, the original input format to any of these programs has

been carefully preserved such that an input deck to any of the previous Parsonq'

version can be executed without difficulty in these integrated versions.

ISOLIN is the first program of the ISIP series. Engineering data of the

platform, dimensions, configurations, weights, platform design resonant frequency,

and the design critical damping ratio, are used to compute the spring/damper

constants for a level platform. WAVSYN and NWVSYN generate the acceleration-

time forcing function from a given shock spectrum. NWVSYN is an extensively

revised version of WAVSYN with two added features: (i) time-delay feature

allows the phasing of the wave components that make up the synthesized wave-

form; and (2) an automatic feature, for data-adjusting, allows repeated iterations

for the waveform synthesis process until the synthesized spectrum meets closely

the given input spectrum specification. WAVSYN is currently deleted and only

NWVSYN is included in ISIP.

SYNSOL was developed by Sperry Rand to synchronize the output of WAVSYN/

NWVSYN to the ISOL irput requirement. The process includes data-points limita-

tion, data-table arrangement, conversion of units, and conversion of inpuit-

output formats.

IS0L c.amputes the shock response of a rigid platform due to foundation

motions. The main input to !SOL comes from the computed results of ISLIN

and SYNSOL. The time-dependent responses of the platform's C.G., and as many as

four other points on the platform, are computed and tabulated in an ISOL run.
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These time-dependent variables can be plotted by exercising the YUPLOT sub-

routinef in the PLTSUB program. Any of the time-accehl ratio': vtr; t1,, Can I-.

adihlv:,ed and the c o r,.s4pinding shock specti p1t)l n d Iv thl,' SI('TRM , ,r. .

The PLISUB program handles most of tile time-dependent and ,,pectrLm pllts f ion

ISOL, as well as from WAVSYN/NWVSYN, SYNS0L, and SPCTRM. The PLTSUB program,

developed by Sperry Rand, provides the necessary software for plotting on the

user's SC4020 scope camera plotter, Calcomp pen plotter, or on-line printer.

ISIP was developed by Sperry Rand to make shock analysis of a rigid plat-

form a continuous process, with minimum input repetition. Computer programs,

ISOLIN, SYNSOL, etc., and two additional programs, FILTER and FOURIE, were

incorporated into ISIP as subprograms. An overlay programming technique was

used to eliminate huge computer core requirements. The intermediate results

from these subprograms are automatically stored and retrieved when needed,

without intermediate card-punches, as required in the use of individual sub-

programs. ISIP has been successfully run on an UNIVAC-1108 computer system

with a word-core space of 32,000 (decimal), and on a CDC-6400 computer system

with 76,000 (octal) words. Six logical units (3, 11, 12, 13, 14, and 15) are

needed for an ISIP overlay run.

To assist the user of WAVSYN and NWVSYN in evaluation of amplification

ratios for the single-degree-of-freedom approach to the waveform synthesis

technique, two preliminary computer programs, FILTER and FOURIE, were developed.

FOURIE computes the major frequency components of a time-motion function, to be

used as the midband frequencies in the FILTER program. FILTER computes the

filtered responses of the function at the selected midband frequencies. The

amplification ratio input to WAVSYN/NWVSYN can be determined from the ratio of

the response spectrum levels versus the filtered responses at the currespnclin.

frequencies. FILTER and FOURIE, however, are not included ii the pl-cus d a

complete platform shock analysis since they serve only as precursors for thf,

WAVSYN/NWVSYN programs.

ISIP2 program, not as sophisticated as the ISIP and its subprograms, was

developed to solve the shock response of a non-rigid platform based on the

finite element technique and modal analysis. ISIP2, also an overlay computer

program, contains two subprograms: (1) PLTFRM, developed by Sperry Rand,

generates the flexibility matrix of a non-rigid platform; and (2) FVOUS,

developed by R.M. Parsons Company, computes the shock response by the modal

analysis technique.
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Part IIl presents the complete listings of the [SIP (and its nine sub-

programs) and ISP2 (and its two subprograms). A user can cxv, utt, through

ISIP, any or all of the subprograms with an option to skip or termilnaLe tnh'

computation process at the end of any subprogram. Simiiarly, a user Lan

execute any or all of the ISIP2 programs. The following s.ctions dcscriuL-,

in greater detail, the input preparation, program features, and progrin ljimitLs

of each computer program.

In Part I, an approximation based on engineering judgement was recomme.nded

to determine platform rigidity. The platform can be considered rigid if the

lowest natural frequency of the platform, in a free-free boundary condition,

is roughly five times the resonant frequency of the platform system. The ISOL

program is valid only when this rigidity criteria is guaranteed. ISIP2, of

course, computes the resonant frequencies of a general platform, and computes

the shock response of a linear shock isolation system.

ISIP has been permanently cataloged (I year period) in the SAFEGUARD's

CDC-6400 computer system in Huntsville, Alabama, under program title P8500AD.

An ISIP production run setup is as follows:

P8500,CM77OOO. CHAN 12

BOXC(COE,ISIP)

A.7ACH(OLDPL,P8-500,PW=AA,BB, IDCElCHAN)

UPDATE(Q)

FTN(I=COMPILE)

LGQ.

*IDENT ISIP1I

*COMFPILE ISIPIO

(INPUT DATA DECK)

Where is a 7-8-9 multiple pioch, and # is 6-7-8-9 multiple punch. ',ll

cards begin at column 1.

I1_SP2 is also cataloged undei the same program title P8500AD. The above IDENT

CVMPILE cards should changed to *IDEN1 ISIP21 and *C@MILE ISIP20 respectively for

the execution of the ISIP2 computer program.
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2.0 PROGRAM TERMINOLOGY

The program names presented in this manual conform to the FORTRAN

name specification. Each name consists of six alphanumeric characters, or

less, with the first being an alphabetic character. However, all the pro-

gram names do have meanings and the understanding of these name derivatives

may help future communication among the users of this manual.

PROGRAM FUNCTION

ISOLIN ISOL INput

WAVSYN WAVeform SYNthesis (Deleted)

NWVSYN New WaVSYN

SYNSOL A program between wavSYN and ISOL

PLTSUB PLoT SUBroutine

SPCTRM SPeCTRuM analysis

FILTER FILTER process

FOURIE FOURIEr spectrum analysis

ISIP Integrated Shock Isolation Program

ISIP2 2nd program of ISIP

PLTFRM PLaTFoRM

FVQUS Free Vibration Of Unrestrained Structures

2-6



I I I [ I I I I . . . . . - I I

3.0 USER'S MANUAL FOR ISOLIN PROGRAM

Program Features. The ISOLIN program, developed to relieve Lhe design eiigiaeer

from tedious work in input data preparation for the iSOL coMputer program, ham

the following main features:

a. Units in inch (in.), second (sec.) pound (lb.) and Hertz (hz).

b. Spring/damper constants are computed for the static equilibrium

condition of a level platform.

c. Selection of four points of interest on the platform.

d. Computation of a single equivalent weight, its C.G., mass moment

of inertia, and isolator centroid.

e. Computation of shifted C.G. location and mass moment at inertia

where arbitrary shifting of equipment weight (further away from

system isolator centroid) is desired.

f. Estimation of system frequencies.

g. Multiple problems can be solved with one run setup.

Program Limits.

Maximum number of masses 50

Maximum number of isolators (spring/damper) 50

The limits can be expanded by changing the program dimensions as long as

they do not exceed the capacity of the computer core. A platform with three

isolators is not eligible. Vertical isoltors only are evaltuated in ISOLIN.

Platform Design Considerations. A few design considerations, from in c ,gib:cc's

view, must he recognized for practical reasons and for conveni'vnc.

a. A right-handed Cartesian coordinate system is used. For convenicnc-,

align the X-axis along the bottom surface of the platform, from lelt

to right. Z-axis is in the vertical direction (up), and Y-axis

perpendicular to the X-Z plane.

b. Some of the computed resonant frequencies may not exist in the r.,1l

situation, such as the unc, rpled modes in a complicated struct-ural

system. Some of these I-rc i -ncies have been replaced by zeros in

certain configurations, sAr, *±s the pendulum frequencies in an under-

fIoor :lla shock isolatY, , system. However, these frequenci.s are

romiiited in TSOLIN for des Lgn consideration purpsce,,,.
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c. Simple first approximation equations are used in the solution of

resonant frequencies of a platform system. For example, a co,)pouiiI

)ktu dulLI I f r,,u,'t ncy 0equat ion iS used in l1c ISOI, IN prolgraw 1,,r t11c

t'ildtlIlt. Lype i l:;(,lat ioil Sysl cm us nIng the I Ir:,l i :;ol.iI ion)t I(''iI I ,

-IS Ohe pendulum hleight. The [requency equation Is is h1Illw:,:

f - (W/I )112
n 27 0

where .i = total weight of pendulum

i 0 moment of inertia about axis of support

Conversely, the frequency based on a simple pendulum,

12 V¢7
I 

-

could give a more realistic value in certain configurations.

d. Estimations of the mass moments of inertia of the equipment and

platform weights are as follows:

mass moment of inertia = W(A 2 + B2 )/12g

For the moment about XX axis, A = Depth, B= Weight

For the moment about YN axis, A = Width, B = leight

For the moment about ZZ axis, A = Width, B = Depth

g = 386.4

Since the mass moment of ineLtia equation is for a solid rectangulal

weight, the effective depth, width, and height should be used for

most equipment mounted on the platform. Errors in these dimensions

may result in huge moments of inertia, and therefore erratic frequency

computations and an erratic end result.

e. To minimize possible error; in estimations of the mass moments of inertia,

and to pro 7ide easy input preparation, a user may input the nominal dimn.i [is

of the equipment (not the platform) and use the N04 parameter in input group

3 for obtaining the effective depth, width, and height for the mass muoi:en:

of inertia computation.

Figuie 2-1 gives the flow chart of the ISOLIN computer program.
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ISOLIN

ISOLIN Input Instructions. There nre seven groups of input data as follows:

a. Project title or identification.

b. Number of masses and isolators associated with the platform.

c. Inertia data and coordinates.

d. Mass moments of inertia.

e. Isolator coordinates.

f. Engineering design parameter of the platform.

g. Blank cards signaling end of run.

A detailed explanation of each group follows:

Group I - Program title

Number of cards = I.

1234567891)1234567893)3234567893D234567894I234567899DI23456789W1234567897)I345678w)

TITLF(l), I - 1, 12 (12A6) BLANK

Any alpha-numeric data can be inputed in columns I through 72 on this card.

Group 2 - Control indices

Number of cards = 1.

1234567891 23456789 234567893D 23456789 23456789W 234567896 2345678970123467890

N N N I N 0 1 N O )3(4 3 L4n
(110) (110) (110) (110) (110) (110) 3LM'

NM - Number of weights including the platform.

NI - Number of isolators supporting platform.

N01 - Punch card control. No punch if NO I = -1; platform properties and

an equivalent total weight are punched if NO I = 0; all component

weights and platform properties are punched if NO I = I.

N02 Isolator design control index.

N02 - 0 for isolator attachment position platform at same level

(height) as system C.G.

- 1 for isolator and moment points on platform surface.

(Top surface for pendulum configuration and bottom surface

for underflow mount configuration.)

- -1 for rolling ball configuration isolators.
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N03 - Moment of inertia input control.

N03 # 0, moments of inertia are read in from cards.

- 0, moments of inertia are computed internally.

N04 - An effective width, depth, and height adjustment parameter.

N04 - M (integer), the width, depth, and height dimensions of

group 3 input, with exception of the first weight, are
K

adjusted automatically by I-p2 .

- 100 if no input value is given.

Group 3 - Inertia data, coordinates, and dimensions (Right handed coordinate

system with Z positive up)

Number of cards NM.

123456789 023456789234789 X23414789 ,34"789 2345678 ~i56788 234567899)I0(10.2) (10.2) (110.2) (710.2) (110.2) (110.2) (110.2)

W (I) - weight of point mass (lb). The first weight is always that of the

platform.

X (I) - X coordinate of the weight with respect to building - fixed coordinate

system (in.). (Positive X axis Is parallel to the longer edge of the

platform.)

Y (I) - Y coordinate of the weight with respect to building - fixed coordinate

system (in.).

Z (I) - Z coordinate of the weight with respect to building - fixed coordinate

system (in.).

WID (1) - Width (along X axis) of point weight (in.).

DEP (I) - Depth (along Y axis) of point weight (in.).

HI (I) - Height (along Z axis) of point weight (in.).

Group 4 - Mass moments of inertia

Number of cards m M. If N3 r , oma t this group.

Nubrofcrs, M ,f [ - a, ni thi group.

S1234567891234567892 I50789: ISO7MS468I35791I579024686
XX(J) YT(U) ZUJ)
(FIO. 2) (10.2) (FlO.2) BLA KI

Where J m 1,N
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XX (J) - Mass moment of inertia of J-th weight, about KX axis (lb-sec 2-in).

YY (J) - Mass moment of inertia of J-th weight, about YY axis (lb-sec 2-in).

ZZ () - Mass moment of inertia of J-th weight, about ZZ axis (lb-sec 2-in).

Group 5 - Coordinates of spring/damper element attachment points

Number of cards - NI.

L34567891 023456789 2D_3456,8 ,45678940123456789D123453789eD123456789012345679989

XI(I) YI(I) ALB(I) BLANK
(110.2) (F1o. 2) (I0.2)

Where I = 1, NI
XI (I) - X coordinate of attachment point on platform (in.).

YI (I) - Y coordinate of attachment point on platform (in.).

ALB (I) - Ground attachment point adjustmant (in.). Point is raised if

ALB(Z) is positive, and lowered if negative.

Group 6 - Platform engineering data (Positive X axis is parallel to the

longer edge of the platform)

Number of cards = 2.

1234567891 1234567892 D2345678 5%.234567894 |23456789W 234567891 23456789' 1234567890W

FREQ DELZ RATOL STIFF XJ WMA FRICP RA
(ro.2) (10.2) (7o.2) (7o.2) (1o.2) (F10.2) (1o.2) (1o. 2)

1234567891" 234 5 489 2D 1 3 34M M123456 870L23456789OD12345678970123456789M

DGZ DGY DGZ
(11O. 2) (Flo. 2) (F10. 2) BLA __

FREQ - Vertical design frequency of the shock-isolated platform.

DELZ Vertical dimension from platform bottom surface to isolator

pivot point on ceiling or floor, at equilibrium condition.

RATOL - Isolator spring rate tolerance, a fractional number.

STIFF - Platform's area moment of inertia about Y axis (through platform
4C.G.) (in4).
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XJ - Platform's torsional stiffness around X axis (in ). (Same as

area moment of inertia about X axis in this program.)

ZETA - Isolator damping constant, as fraction of critical damping.

DGX,DGY, DGZ - Mass C.G. location shift in the directions away from the

isolator centroid (fractional nubers, eg., 0.05 for 5% shift).

RADP - Spherical plate radius in rolling ball isolator configuration (in.).

FRICP - Rolling friction coefficient, between plate and ball in Tolling

ball isolator.

Group 7 - Blank cards

Number of cards = 2.

Repeat groups 1 through 6 as many times as there are problems, then

group 7 follows, which will signal a normal job termination.

Message of ISOLIN. A warning message is printed out if the first weight

input (weight of the platform) is not the heaviest. Possible analytical

error may result from misplacing the platform weight.

ISOLIN Output. The output of ISOLIN begins, for each problem, begins with the

project title and is followed by the plan view and the front view of a typi-

cal platform, control indices and two tables. The first table lists the

individual input weight, C.G. location, width, depth and height, and the

computed mass moments of inertia. The second table lists the X and Y

coordinates, the computed load value, spring rate, and the initial unstretched

length (both nominal and adjusted values using manufacturer's tolerances),

and the damping constant for each isolator. The last entries in this table,

SIGNX and SIGNY, indicate the isolator position with respect to the C.G.

location. The remainder of the output is in the following order:

* Equivalent total system weight, the maximum value (102% of

platform weight +0llO% of total equipment weight) and the minimum

value (98% of platform +90% of equipment) of this equivalent weight.

* The nine parameters (design frequency, floor/ceiling height,

etc.) of group 6 input.

* The system C.G. coordinates (nominal and adjusted), the

isolator centroid coordinates, and the offset of this

centroid from the system C.G,
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* The computed mass moments of inertia and the system freque:lcieo.

* A list of tho punch output to be used for ISOL program.

This list contains:

1. Project title (group 1 of ISOL input)

2. System weight, C.G. location and mass moment of

inertia. (group 3 of the ISOL input)

3. isolator coordinates (group 4 of ISOL input)

.. Coordinates of four computed points of interest

(group 7 of ISOL input)

5. Isolator constants. (group 8 of IS0L input)

Program Initialization. To execute IS0LIN by itself, an input card with an

integer I in column 8 is needed before group I input. This program initialization

is described in Program ISIP.

2-14
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4.0 USER'S MANUAL FOR WAVSYN PROGRAM

a -h Lk"I.ltuLr( . WAVSYN was developod to syntI,.'i:,i'v. t c, at t , i I I smf.

hi. Lolv to maLch a giveli shock bpectrum. The Lime-dependent histoi , can

be used as the forcing function in any transient response base excitatioin

program, such as ISOL. A waveform synthesis technique of super-imposing

a series of sinusoidal components with an odd number of half-cycle oscillations

is employed. A good match of up to 15 points between the spectrum of the

synthesized waveform and the given spectrum, within a certain number of convergent

iterations, terminates the waveform synthesizing process. The time-dependent

history is then printed out, and punched out on cards, if requested. The

complete spectrum of the synthesized waveform is then computed, printed, and

plotted. A plot of the calculated spectrum and the original spectrum input

data is made using the on-line printer, thus providing an immediate diagnosis

of the performance of WAVSYN. Provisions included in WAVSYN allow the

user to follow the convergency process for further input deck improvueit.

If the maximum number of iterations is altered (other than 10), the shock

spectrum of the synthesized waveform is plotted, disregarding the fact

that convergence of the match points on the spectra has not been obtained

with the maximum iteration limit. A sample of a shock spectrum plot, with

explanations, is shown in Figure 2-4.

Program Limits. This version of WAVSYN has the following limits:

Match points on given spectrm

( number of assumed functions) 15

Unknown coefficients 15

Number of half-cycle oscillations 3 to 11

Points on time table and amplitude table 2700

Maximum number of convergent iterations 10

Program Deletion. This version of WAVSYN has been dele'ted in this manual.

"he user is urged to use NWvSYN inste-id.
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5.0 USER'S MANUAL FOR NWVSYN PROGRAM

Program Feature. NWVSYN was developed to aid the WAVSYN user when the spectrm

of the synthesized waveform differs considerably from the desired spectrum in

the intermediate regions between the selected frequency points. NVISYN offert

a manual and an automatic method of waveform synthesis. A time-delay feature

is also offered, in both manual and automatic methods, to allow phasing of the

component waves which make up the synthesized waveform. The manual method is

similar to WAVSYN except for the added time-delay feature and the removal of the

assumed and trial coefficients input. The automatic method eliminates much of

the initial guess work required by the user to obtain an acceptable waveform

whose spectrum matches the given spectrum within a certain tolerance unit.

An amplification ratio spectrum must be defined in the input preparation for

the automatic method, in addition to the "regular" input data required by the

manual method or the WAVSYN program. This amplification ratio spectrum will

allow the program (automatic method) to shift the selected frequencies to ob-

tain a better synthesized waveform.

Two amplification ratio spectra, based on the outrunning ground motions defined

by SAFEGUARD nuclear effect studies, are programmed into NWSYN as an option

(see index NAR in group 4 input). A time delay model of 1.75 seconds for fre-

quencies above 15 Hz is also programmed into NWVSYN as a time-delay option

(see index NTD in group 4 input). Both the amplification ratio spectra and the

time-delay model are shown in figure 2-2. A third option, spectrctrum tolerance

limit, is also available (see index ITLC in group 4 input).

An iteration limit of 10, for convergence at the selected frequency points, is

present in both the manual and the automatic methods as in the case of WAVSYN.

In the automatic method, a limit of 4 frequency shifts, based on a semi-empierical

approach, is allowed in order to match the computed spectrum with the given shock

spectrum within the input tolerance limits.. The complete synthesized waveform

is computed and its spectrum plotted only when the above limits are not exceeded.

Figure 2-3 shows the flow chart of NWVSYN computer program.

Program Limits.

Maximum number of selected frequency points on the spectrum 25

M4aximum number of points on time table and motion table ,O0
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Maximum data points to def ine a response spectrum

( Zit t fl t IL me[I) OCI )

Maximum data points to define an amplification ratio
spectrum (automatic method) 25

Maximum data points to deline time delay versus system
frequency function (automatic method) 215

Maximum number of half-cycle oscillations l

Minimum number of half-cycle oscillations 3

NWVSYN Input Instructions. Input data to the NWVSYN program are divided

into 16 groups. Group I thru group 3 are used to identify the problem

and to select the program options. Group 4 thru group 11 define the input

data for the automatic method. Group 12 thru group 16 are the input data

for the manual method.

Group I - Program control

Number of cards = 1.

1234567891234567892D123456789301234567894D1234567895)123456789R)1234567897012345678980

ND BLANK
(15)

ND - Number of problems for one run.

This group is used only for the first problem.

Group2 - 1ITLE

Number of cards = 1.

123456789D12345678920123456789301234567894D12345678950123456789e)12345"678971234567899)

TITLE(K), K 1, 12 (12A6) BLANK

TITLE - Pioblem title

Group 3 - Pr,,ram option

Number of cards = I.

12346789 34 6789V5I234567897O23 567iH Q4)r2i45 7A1234567804 123m50,'897)1234567q1o

KOP NSHFT NIT

(15)1 (15) (15) BLANK
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KI' Method opt i oi coilot = 2, for automatic method 1, fo, e,.11.

N11"I No. of fIeqil'encv shilfting control (K1MAP2 only): 4 if i (o tspe( if i "d.

NVI'II i'kao.(i iL(Iat conr ol: - 10 if noL specliled.

Group 4 - Control indices for automatic method. (Omit this group through

group 11 if KOP 1.)

Number of cards =

12345 783 2234*182 34 ,789 W67884)134M478913456780)28456 7891 3 4 5789S

S PAR MD 1Ip P T ITLC
(15) (1) I(15) (15) 15)1 (15) ILAIS

NS - Number of data points to define a given response spectrum.

M - Number of data points to define a given amplification ratio spectrum, or

NAR - -I for Type I ground motion. See Figure 2-2.

NAR - -2 for Type II ground motion.

NTD - Number of data points to define a given time delay versus system

frequency function.

NTD<O for a 1.75 sec time delay model, See Figure 2-2.

lIP - Card punch out control:

liP = 0, No punch out.

= 1, Punch acceleration.

= 2, Punch velocity.

- 3, Punch displacement.

--I, Punch acceleration, velocity and displacement.

- 4, an equivalent manual input data deck, which would produce

the same final result in an automatic rum, will be punched

out for later use.

;PLVT - Plot control:

NPLVT = 0, No plot.

= i, Plot acceleration. (For choie of plotters, SC4020,

- 2, Plot velocity. CALCOMP, or on-line printer, see

- 3, Plot displacement. input parameter Ii'LT of IS]P)

ITLC - A standard tolerance limit to be used instead of group 2 input.

If ITLC = 0, ITLC is automatically set to 25.
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Grup -Selec ted f 1u .- r ie- ,t thie given spei-t ruin

N um ber 0 f c ardcv (NS -, +

123458789 [23456789 123456789 123456789 234567895023456789r)2468'23679

WS(l), 1 *1, NS (SF10.3)

WS-stlect(-d syvstem flrequencw pints, ('1 the requi I(! I. .'spii'-( p>r' I ,Ifl, l

GoiLo- Any ii tide if te given spec trumn

Number of cards -. INS +)

123456789A ,78 2356789 123456789 22345678934578 1234567897 234567898D

XSMI, 1 1, NS (SF10.3)

XS Amplitude, for t he r e qu ir ed r esp o ns e -,p e ct-rurLIn , Psitive X-- den, tEs

acceleration in g's, and negative XS denotes positive dispiacenent

in inches.

Group 7 - Frequencieb of tie amfplificaionIT r-atio Spef-ctruIm. Th1is g roup and

noxt are omil to-d if NtAR<0if

.~umber of cards (NAR + )8

1234567891)23456789AI23456789 qn23456789 1234567895023456789601234567897023456789E

WARM1, 1 1, NAR (SF10.3)

WAR - Freciiency, fur the required amplification ratio spectruim, Hz.

Grouip Ampli ±ude o the .aiipl ificat ion ratio spectru1m

Number of cards =(NAR + 1-)/8.

12345,6789 23456789 21456789 234(25ll9(j123456789, 23456789 234S6,7q9.tl2'3.-;,,

AR(!), I I, NAR 8F IO. )J
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Group 9 -Frequencies of the time-delay function. This group and next are

omitted if NTDKO.

Number of cards = (NTD + 7)/8.

1334667891 1234567894234567893*234567 21334769 346678900234567891 L23456786)

WTD(I), 1 1, MID (SF10.3)

WTD - Frequency data, for the time-delay versus system frequency function, Hz.

Group 10 - Time delay

Number of cards = (NTD + 7)/8.

1234567891 i3456789 i3456719 $2345678 123456789 145678961234567897 k34567898
I I I _

TD(l), 1 1, MID (SF10.3) IIS
TD - Time dela1 for the time-delay versus system-frequency function, sec.

Group 11 - Allowable tolerance. This group is omitted if NAR< 0.

* Number of cards =(NS + 6)/8.

153456789 234567892 3456789ii234567 4567898 L45678942456789%1234567898)

TLC(1) *. 1 1, MS-I (SF10.3)

TLC - Response tolerance at regions between selected frequencies, percent.

All TLC(I are set equal to ITLC of group 4 if NAR< 0.

Group 12 - Control indices for manual method (Omit this group thru group 16 if KOP-2)

Number of cards = 1.

14789 234*79 3579I35702468I2458O13579024688

(1)(15)1 BLA14K

M - Number of selected frequency points on the given response spectrum.

lIP - See group 4.

NPLOT - See group 4.
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Group 13 - Selected frequencies of a given spectrum

Number of cards = (H + 7)/8,

IS 4w789 6676988245676 w45676 67!6 4 890 L 5679 123456789 23456?968D

V(1), 1, M (SF10.3)

W - Selected system frequency points on the given response spectrum, Hz.

Group 14 - Number of half-cycle oscillations

Number of cards = (M + 7)/B.

1234567891 L234567892 [23456789 23456789423456789 [23456789 123456789" !2345678f3M

1 1YCLE(1, I - 1, M4 (8FI0.3)

YCLE - Number of half-cycle oscillations corresponding to the selected

system frequency points.

Group 15 - Amplitude of the given spectrum

1Uumber of cards = (14 + 7)/B.

1234567891 234567892 023456789 234567894 234567895 0234567890 [23456789MI234567898D
II

X(l), I - 1, M (8F10.3)
I •

X - Amplitude corresponding to the selected system frequency points. Positive

X denotes acceleration in g's, and negative X denotes positive displacement

in inches.

Group 16 - Time delay

NVumber of cards = (M + 7)/8.

1234567891 L234567892 [23456789 2345618940234567 89123456789 ! 3456789"123456"898)

IDELAY(1), 1 ,N (SF10.3)
I I

DELAY Time delays corresponding to the selected system frequency point., sec.
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NWVSYN Program Output Data Format. Output data of the NWVSYN program can

be divided into three basic groups. In the manual method, the first basic

group consists of a printout of the input data including the numbr oL sysl mn

frequency points selected on the response spectrum, Lhe selected frtqlue,-y

points and the corresponding amplitudes, time delays, and the number of half-

cycle oscillations. For each selected system frequency point, the frequency

and time duration of the synthesized waveform component and the time duration

used in establishing the time table are also shown.

Since different input data are required in the automatic method, the infor-

mation first shown consists of data defining the required response spectrum,

amplification ratio spectrum, time-delay versus system-frequency point

function, and response tolerance. Then, data similar to the first basic

group in the manual method are generated by the program and printed.

The second basic group consists of data generated at the end of the iteration

process and includes the response spectrum of the synthesized waveform in

terms of either maximum displacement or maximum acceleration response at

the selected system frequency points, and the intermediate frequency points.

Results of comparison of the response spectrum generated by the synthesized

waveform and the required response spectrum are shown as a percentage of

maximum deviation at various frequency points. In the automatic method,

the first basic group thru the third basic group are repeated for each shift

of the system frequency point ratio.

The third group of output data is generated only at the end of a successful

run. In this group, time-motion histories of the synthesized waveform are

presented in terms of acceleration, velocity, and displacement. The spectrum

of the synthesized waveform is plotted on a line-printer. Various combinations

of time-motion histories can be plotted and/or punched on cards as controlled

by the index LiP and NPLOT. Formats for the variables punched on cards are

as follows:

Time (Sec) 9E8.2
Acceleration (g) 9E8.2

Time (Sec) 7FIO.4
Velocity (in./sec) 7FIO.4

Time (Sec) 7FlO.4l'
Displacement (in.) 7FIO.4

A sample of a shock spectrum plot, with explanation, is shown in Figure 2-4.
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Proaram Initialization: To execute NWVSYN by itself, an input card with an

integer 2 in column 8 is needed before group 1 input. If an integer 9 is

punched instead of 2, program SYNSOL will be executed automatically after the

completion of a NWVSYN run. This program option initialization is described

in Program ISIP. If option 10 is punched (columns 7 and 8), the ou'put of

a NWVSYN-SYNSOL run will be printed and/or punched according to NASTRAN input

format specification. (NASTRAN is a general finite element structural analysis

computer program developed by the National Aeronautics and Space Administration,

NASA).

The input deck for a NWVSYN under options 9 or 10, is limited to one horizontal

and one vertical spectra. The output will-consists of three time-histories

about X, Y and Z axis, where X and Y are horizontal, and Z is the vertical case.

All three are synchronized to one common time base.

2-26



6.0 USER'S MANUAL FOR SYNSOL PROGRAM

Program Feature. This program was developed as an interfacing program to be

used between WAVSYN/NWVSYN and ISOL. The acceleration-time histories of the

synthesized waveforms from WAVSYN/NWVSYN are synchronized to a comeon time

base, and the output tables are reduced, if necessary, to 500 data points each

as required by ISOL program. The dimensions of the modified waveforms are

also made compatible with ISOL. The flexibility of this program makes

it suitable for general data manipulation. The program has the following

main features:

a. Synchronization of tables (of two variables) to a common independent

variable base.

b. Reduction of the tables to a specified number of data points.

c. Output unit conversion.

d. Duplication of any table upon request.

e. Flexible punch format to insure significant digits are punched

in cards.

f. A high order polynomial curve fitting method is used in data

interpolation.

g. Output table can be arbitrarily multiplied by a constant factor.

h. Output tables are labeled and numbered for easy identification.

Figure 2-5 shows the flow chart of SYNS0L computer program.

Program Limits

Output table length 1990 data points or less

First input table length 1990 if time duration of first set is longest

Other input table lengths 2000 data points

Number of input tables 4 sets

The limits can be easily changed to a larger or small number by changing

the program dimensions, as long as they do not exceed the capacity of the

computer core.
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j nT_ FROM LABELED COMMONS
l OP, INCASE, DATA POINTS

~AN0 T1IME DURATIONS

l lOP> II OR NCASE2
I YES "
READ & RECORD: INPUT TIME-NOTION HISTORIES

AND DURATION DATA

Dlop> READ: PUNCH COATOOL, EAON UNIT

P ,CONTROL, 
OUTPUT TARDL> SETS

OYES FOYNTROT

T ,DURATIOS AND MULTIPLICATION
FACTORS

U YNCHRONIZE: UNITS,
AND OTHER PARAMETERS

[DT NEPULTNC REUED PUUPLI N CH E IEMTO

ES HISTORIETORISSI ONEARD

I OUTPUT FORMAT ( SYNCHRON IZED TIME

' TABLE, DATA POINTS LIMITATION,

AND CHOICE OF ACCELERATION OUTPUT

UNIT)

Figure 2-5. Flow Chart of SYNS1L Program
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SYVSOL Input Instructions. There are three groups of input data as follows:

a. Control indices.

b. Table constants.

c. Table inputs.

Group 1 - Program controls

Number of cards = 1.

1234567891023456789 n 1234567893 L234567894 1234567898 1234567896i1234567891)1234567898D

lip IGV NST HAXPTS BLANK
(110) (110) (110) (15)

liP - Punch option; liP = 0 for no punch and liP = 1 for punch output tables.

1GV - Output unit control:

IGV = 0, output unit same as input

IGV = 1, output unit is devided by g, 386.4

IGV = 2, output unit is multiplied by g.
MAXPTS- No. of output data points control

MAXPTS = M, M data points are generated

= 0, or blank. 500 points are generated.

NST - Number of table sets to be processed. Maximum value of NST is 4.

Group 2 - Table controls

Number of cards = NST.

(12345678910)23456789 2345679 234567894)1234567898O123456789WD1234567891D1234567898D

NPT(J) TM(J) FACIR (J) BLANK(11) ,(F 1O.4) I (FIO.4) I

NPT(J) - Number of data points in J-th table. The previous table will

be printed and punched out if NPT(J) = 0.

T(J) - Time duration of the J-th table. (last value of the independent

variable in J-th table)

FACTOR(J) - Multiplication constant to be applied to the modified table.
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Group 3. Time and time dependent tables are as follows:

a. Two blank cards.

b. One identification card in 12A6 format.

c. One blank card.

d. Independent variable table (Time table), Number of cards = NP(J)/ M.

12345678 90135 892)1234 67893)1 45678912345678 5)1234567895)1234 6789?012)4567895).

T(I), I 1, NFr(J) (9F8.3) BLANK

T(1) - Independent variable, such as time (se)

e. Two blank cards.

f. One identification card in 12A6 format.

g. One blank card.

h. Dependent variable table (acceleration table), number of cards = INPT(J)/9.

12345678 1i123456 892D)1234 67893D12 4567894 2345678 30123456 89)123456789' 12 4567898)IY(), 1- 1. r(j) N (9F8.3) BLANK

2YY(L) - Dependent variable, such as acceleration (in/sec).

Groups 2 and 3 are repeated NST times. Complete Group 3 is obtainable from

WAVSYN/NWVSYN.

SYNSOL OutDut. Groups 1 and 2 input data are printed in a simplified format.

Group 3 input data are not printed. All of the output data have self-explanatory

headings. Lables and sequential numbering are added to the printout tables and

punched cards for easy identification. The punch and print formats are automatically

adjusted depending on the actual output values and the unit selected to insure

significant numbers of digits are printed and punched in all cases. Subroutine

WVTRAN is added to SYNSOL for the SYNSOL output suitable for NASTRAN program.

Program Initilization. To execute SYNS0L by itself, an input card with an

integer 3 in column 8 is needed before group 1 input. This program initialization

is described in Program ISIP. For NWVSYN-SYNSOL or NWVSYN-SYNSOL-WVTrAN

combination runs, the user is referred to page 2-25.
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7.0 USER'S MANUAL FOR ISOL PROGRAM

Program Features. The ISOL computer program was developed to calculate the

dynamic response of a shock isolation system supporting rigid masses and sub-

jected to base excitations. The equations of motion and selected coordinate

systems were developed and described in Part I. ISOL was organized in

accordance with these analytical approaches. The principal features of the

ISOL program are:

a. The program can be used to analyze elastic-pendulum shock isolation

systems, pivoted base-mounted shock isolation systems, and ayster.c

with special types of isolators such as the short pendulum and the

rolling ball.

b. The force-displacement characteristics of spring and/or damper

elements can be specified arbitrarily. Linear or nonlinear

elements are acceptable.

c. The locations of attachment points of the spring/damper units to

the base structure are completely arbitrary.

d. Two methods for integrating the equations of motion

are available. They are based on either the exact large-angle

formulation or the small-angle approximation.

e. The static equilibrium position of the shock isolation system can be

determined through use of the ISOL program. It is necessary to

obtain an equilibrium position of the isolation system prior to

computing responses due to shock excitation of the base. In

redundant systems, hand calculations are cumbersome and may be

impractical. To determine the static equilibrium position of the

system using ISOL, terminal responses of the system starting at any

arbitrary initial condition can be computed. To expedite the solution,

a temporary large value of velocity damping should be provided between

the supported load and its base. The system will then reach equilibrium

quickly as the relative motions are highly damped.

f. Multiple cases can be processed within one run setup. In successive

cases, either the responses of several independent shock isolations

can be calculated or the responses of one system subjected to

different excitations can be determined.
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g. An option is available to write on a plot tape (logical unit 3)

the response-time histories of all computed parameter.- for any

case within the run setup. The plot tape caii be used as an

input to an independent YUPLOT routine to generate off-line CAIUOMP

plots of the selected response data. Inputs for YUPLOT are detailed

in PLTSUB program.

An abbreviated flow chart of ISOL is shown in Figure 2-6.

Program Limits. The present version of ISOL has the following limits:

Number of masses 50

Number of spring/damper elements 50

Number of points of interest 4

Number of points in excitation table 500
(TIME, XE, YE, ZE)

These limitations can be expanded by changing the dimension statements of

the program as long as they do not exceed the memory core capacity of the

computer system.

ISOL Input Instructions. The 11 required input instructions are:

a. Project title or identification (ID).

b. Control indices.

c. Inertia data and coordinates.

d. Coordinates of spring/damper element attachment points.

e. Data for short pendulums.

f. Data for spherical plates.

g. Coordinates of "points of interest".

h. Spring/damper characteristics.

i. Excitation tables.

j. Program constants.

k. Initial conditions.

As noted earlier, the ISOL program allows uninterrupted sequential computations

of multiple cases in a single run setup. Each case begins with the project

ID and usually ends with the initial conditions for the succeeding case, except

for the group (or groups) which may be omitted, depending on options requested
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Figure 2-6. Flow Ctiart of ISOL Program
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in the control indices. Two blank cards are required foLlowing the input

data of the last case so that a proper exit or termination of the run will

result. More detailed explanations of each input group are provided in

the following subsections.

Group 1 - Program title

Number of cards = 1.

123456789DI234567892DI234567893D123456789401234567895Dl23456789f1234567897012 456789W

TITLE (72H) BLANK

Any alpha-numeric data for program identification.

Group 2 - Control indices

Number of cards = 1.

1234 67+0l1*45 89 123 67 3014567894DI23456789501234567898)123456789701234567898[

NA' NBI NC' NDI NE INF ING INB
(14)(14)(14)(14)(14)(14)(14)(14)BLN

I I I I I I I

NA - Number of inertia stations or number of weights on the platform

(positive integer).

NOTE: When NA < Oprogram run will be terminated. At the end of the

last case for a run setuptwo blank cards should be provided. The first

card is normally the title card and the second card provides NA = 0.

NB - Number of spring/damper elements (always positive integer).

NC - Control of inputing excitation tables.

NC = +A. A is a positive integer which also serves as the length of

the excitation tables. Excitation tables must be inputed.

NC = 0. No excitation tables are required for this case. Skip inputing

group 9.

ND - Option for large-angle or small-angle integration of the equations of

motion (either ND = I or ND = 2).
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ND = 1. Large-angle exact solution.

ND = 2. Small-angle approximation.

NE - Option for computing response data at points of interest.

NE = 0. No points of interest are required for this case. Skip inpiting

group 7.

NE = B. B is the number of points of interest. The maximum number

for B is 4.

NF - Input acceleration unit control.

NF = 0. Excitation acceleration function in unit of g's.

2
j 0. Excitation acceleration function in unit of in./sec

NG - Initial conditions control.

NG> 0. Initial conditions for this case are to be inputed.

NG < 0. Initial conditions for this case are the end time of the

preceeding case. Skip inputing group 11.

NH - Option for types of isolator mount.

NH < 0. Short-pendulum type isolator. Skip inputing group 6.

NH = 0. Spring/pendulum type isolator. Skip inputing group 5 and 6.

NH > 0. Rolling-ball type isolator. Skip inputing group 5.

Group 3 - Inertia data and coordinates (right hand coordinate system with

Z positive up)

Number of cards = NA. If NG<O, omit this group.

12345678 1)23456 8921234567893)11 45678912345678 5123456 89)1234 6789D1234567898D

WT(l) XM(I) YM(1) I (l) XXI(I) YYI(I) ZZI(I) XYI(I) XZI(MI YZI(1)
(18.0) (18.0 (E8.0) (E8.0) (98.0) (M8.0) (18.0) (16.0) (18.0) (E8.0)

Where I = I, NA:

WT(T) Weight of a point mass (ib).

XM(1) X coordinate of the weight with respect to the building-fixed

coordinate system (in.).

YM(I) Y coordinate of the weight with respect to the building-fixed

coordinate system (in.).
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ZM(1) - Z coordinate of the weight with respect to the building-fixed

coordinate system (in.).

XXIl) L mass moment of inertia of a point mass with respect to X

axis (in-lb-sec ) through the mass C.G.

YYI(1) I mass moment of inertia of a point mass with respect to Y axis
YY 2
(in-lb-sec ) through the mass C.G.

ZZI(1) - I mass moment of inertia of a point mass with respect to Zzz

axis (in-lb-sec2 ) through the mass C.G.

XYI(1) - I mass product of inertia of a point mass with respect to X-Yxy

axis (in-lb-sec
2 ) through the mass C.G.

XZI(1) - I mass product of inertia of a point mass with respect to X-Zxz2

axis (in-lb-sec 2 ) through the mass C.G.

YZI(1) - I mass product of inertia of a point mass with respect to Y-Zyz 2)

axis (in-lb-sec ) through the mass C.G.

Group 4 - Coordinates of spring/damper element attachment points

Number of cards = NB. If NG <O, omit this group.

1234671 12345 S33D123 567893DU 34568 123456?8 1234567896lI23456789OI23456789)

XA(1) YAMI ZA(I) XI()I YtD(I) ZB(BL
(36.0) (18.0) (98.0) (E8.0) (18.0) (ES.0)

Where I = a to NB:

XA(1) - X coordinate of attachment point on platform (in.).

YA() - Y coordinate of attachment point on platform (in.).

ZA() - Z coordinate of attachment point on platform (in.).

XB() - X coordinate of attachment point on building (in.).

YB(1) - Y coordinate of attachment point on building (in.).
ZB(1- Z coordinate of attachment point on building (in.).

NOTE: The origin of the coordinate system is the same as that of the

coordinates of group 3.
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Group 5 - Data for short pendulums

Number of cards = NB. If NH>O or NG(O, omit this group.

1" 17 DbD13451 692)I 67 89M1234678403485478ND2i34567S12345678911234567

SLG(I) DX(l) DV(l) BIA
(38.0) (38.0) (36.0)

Where I - 1 to NB'

SLG(1) - Length of pendulums (in.).

DX(1) - Deviation in X-direction of the lower end of short pendulum from

its vertical position (in.).

DY(1) - Deviation in Y-direction of the lower end of short pendulum from

its vertical position (in.).

Group 6 - Data for spherical plates

Number of cards = NB. If NH<O or NG <0, omit this group.

124678 D]0123456 892)123 567693U 64567894C U14"7890023456789O012345678971234567898D

XB(1) YD(1) ZBO(I) R(I) 1M(1)
(38.0) (38.0) (,8.O) (38.0) (Be.e) BLAN

Where I = 1 to NB:

XBO(1) - X coordinate of center of plate (in.).

YBO(1) - Y coordinate of center of plate (in.).

ZBO(1) - Z coordinate of center of plate (in.).

R(l) - Radius of spherical plate (in.).

UM(1) - Rolling friction coefficient between plate and ball.

Group 7 - Coordinates of points of interest

Number of cards = NE. If NG <0, omit this group.

123678 D1)123454 ?892D1234 56789301234567894)12346"789W234567889()U3456789I,2345678960

XP(1) YP(1) ZP(l)
(98.0) (I8.0) (38.0)

Where I 1 to NE:
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XP(1) - X coordinate of the point of interest (in.).

XP() - Y coordinate of the point of interest (in.).

ZP(M) - Z coordinate of the point of interest (in.).

NOTE: The origin of these coordinates are the same as the previous

coordinates.

Group 8 - Spring/damper characteristics

There are NB number of sub-groups of cards. Each Ith sub-group begins

with one card as follows.

IM67+0I2345 893DI34 6-1093 5S678ML34567S931134567SND1234567S91012345678980
NX(I)NY( I)SL( I SK(I DA(1)I BLN
(14) (14) (98.0) (38.0) (38.0)

t I t I

(where I 1 to NB)*

NX(1) - NX(1) = 0. Linear spring.

NX(I) = A. nonlinear spring characteristics are given in an input

table of length A.

NY(I) - NY(1) = 0. Linear viscous damping.

NY(I) = B. Variable damping coefficients are given in an input

table of length B.

SL(I, - Free length of the spring (in.).

SK(I) - Constant linear spring rate (lb/in.).

DA() - Constant linear viscous damping coefficient (lb-sec/in.).

NOTE: Following this card will be the nonlinear spring table input. Whether

or not the table will be inputed depends on the value of NX(I).

IF NX(I) = 0, skip inputing the deflection-force table.

IF NX(I) = A, the next cards are deflection-force tables of the spring element.

The deflections and forces are specified on two separate groups of cards.
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Spring deflection (DF) table - NX(I)>O orly.

123456789E 23456789 123456789 1234567894 23456789 23456789C 123456789- 1234567895)

DF(JI), J - 1, A (1098.0)
I I I

Spring force (FS) table - NX(I)> 0 only.

1234567891 123456789 1234567893 1234567894*23456789 123456789C 123456789Z 1234567898D
I I|

FS(J.1), J - 1, A (1098.0)

DF(J,I) - Deflection (in.).

FS(J,I) - Forces (Ib).

NOTE: The number of cards for DF(J,I) and FS(J,I) depends on A; for

example, if A = 15, two cards each will be required for the tables.

Compression or shortening of the spring produces a positive force.

The damping table for the Ith element follows the spring table. The

requirements for this table will depend on the value of NY(l).

If NY(1) = 0, skip the velocity-damping tables.

If NYU) = B, the next cards are velocity-damping tables of the damper

element. The velocity and damping forces are specified on two separate

groups of cards similar to the spring tables.

Rate of spring deflections (VD) table - NY(I)>0 only.

3234567891023456789 23456789 12345678941234567 4234567896 235679% 1234567895

VD(J,I), J - 1. a Ooze.O)
I I I

Damping forces ('D) table - NY(I)> 0 only.

1131456790 [234567893 1234567893112345$78i423456789 456789 123456789M 1234567898D
I I I

FD(J,I), J *1, 5 (1038.0)
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VD(JI) - Velocity (in./sec).

FD(J,I) - Damping force (lb-sec/in.).

7he preceeding completes the sub-group for the Itb sprirg/lazp..r element. .;.e
input for spring/damper characteristics continues until NB sub-groupc are inputed.

Group 9 - Excitation tables

There are four input tables in this group. Each table is NC long. Omit

this group if NC = 0.

a. Time table

Number of cards = (NC + 8)/9.

1*346? 312345 7892)1234 67892) *4567 O1234567 8012345 3890123 56789gm 24567893D

I I I I . ...ITTAB(I), I1- 1, INCI (938.0) BLN

b. X-direction excitation

Number of cards = (NC + 8)/9.

1234567 3I12345 8322 67892) *5678 1234567 1012345 8M30 678921 13567833D

, INCI (928.0) BLANK

c. Y-dIrection excitation

Number of cards = (NC + 8)/9.

1234567 3I123456 892D1234 67892)1 ~456789 4234567 tS123456 89(0123 67897012 4567898D

YE(1), K-, I] (918.o) .BLANK
S I I

d. Z-direction excitation

Number of cards = (NC + 8)/9.

134567e D12348 892D1234 67893D1 5678;234567+1012345G 89123 6789701 456788)1
I I ='

, zE(,), I .lIN (928.0) BLANK
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TTAB(I) - Time table (eec).

XE(I) - X-direction excitation Units in in./se2 or gs

YE(1) - Y-direction excitation
depending on NlE valu.'

ZE() - Z-direction excitation

Group 10 - Program constants

Number of cards = 1.

1234567 D)12345 7892)1234 678901 14567891 !2345678 5D123450 896D1234 67891:1345678981

TS TF DTI DTP TCP DTIC PLT DCGX DCGY DCGZ
M8.0) (38.0) (36.0) (98.0) (38.0) (36.0) (8.0) (98.0) (8.0) (18.0)

TS - Start time (sec).

TF - End time (sec).

DTI - Integrating time interval (sec).

DTP - Printout time interval (sec).

TCP - Time for changing DTP (sec).

DTPC - New printout time interval (sec).

PLT - Plot request (Not use if OPTN2_l1; see ISIP first input card).

PLT = 0. Do not write output data on plot tape.

PLT 4 0. Write output data on plot tape.

DCGX - Shift of C.G. in X direction (in.).

DCGY - Shift of C.G. in Y direction (in.).

DCGZ - Shift of C.G. in Z direction (in.).

Group 11 - Initial conditions. Omit this group if NG 4 0.

Number of cards = 1.

1334567 18)12345 7892)1234 5678930512147894 02345671 813459 896D134 $67893011 34567898D

ALPHA B3TA GAOIA ALDT BrrDPMT GMID0T XCD XCDY XC.)Z
(38.0) (28.0) (36.0) (8.0) (38.0) (36.0) (38.0) (8.0) (e.O) l
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ALPHA - &(deg).

BETA - 0 (deg).

GAIA - If(deg).

ALDOT - i(radlsec).

BETDOT- D(rad/sec).

GANDOT- '(rad/sec).

XCBDX - XCBx (In./sec).

XCBDY - XCBy (in.Isec).

XCBDZ - X (in./sec).
CBZ

NOTE: If NG<O, Initial conditions of this current run are the conditions

at TF It tht, last cases.

Group 12 - Blank cards.

Repeat group I through group 11 if needed. Otherwise, 2 blank cards signal

a normal exit. (See NA of group 2.)

Messages of ISOL. Certain messages are printed out to indicate that
the input tables are out of range or that some events of interest have

occurred. The messages are:

a. DEFLECTION-FORCE TABLE OUT OF RANGE,- The values in the deflection

table are out of range.

b. VELOCITY-DAMPING TABLE OUT OF RANGE - The values in the velocity

table are out of range.

c. TIME-EXCITATION TABLE OUT OF RANGE - The current time is beyond

the last time of the time table.

d. SOMETHING WRONG IN TIME CONTROL - There is something wrong in the
time control irput, either DTP or DTPC.

e. PLOT RUN NUMBER X - Sequence X of plot case time-history data will
be written on the plot tape.

f. END OF RUN - WILL EXIT - All the cases for this run setup have been

completed successfully.

g. WRONG PLATE INPUT - It is assumed that C(J) is always less than
zero; i.e., the support point is inside the spherical plate.

h. WRONG SHORT PENDULUM INPUT - Magnitude of cosine function is greater

than one.
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ISOL Output. The input data for each case are printed beginning with the

project title. The printout of the input data has been arranged for each

reading, and does not use the same format as the input cards. All of the

data outputs hay, proper self-explanatory headings. The response data

consists of 49 parameters maximum for each time period. Readings are

provided at the top of each page of the response output data. The output

parameters are explained as follows:

Parameter
Number Parameter

I TIME - TIME (sec).

2 XC - X component of the relative* displacement (in.).

3 YC - Y component of the relative* displacement (in.).

4 ZC - Z component of the relative* displacement (in.).

5 AX - X component of the absolute acceleration (in./sec sq).

6 AY -Y component of the absolute acceleration (in./sec sq).

7 AZ - Z component of the absolute acceleration (in./sec 8q).

8 OX - (deg).

9 Y - (deg). NOTE:

10 OZ - l (deg). Parameters 2 through 123

11 QDX - x~ (red/sec 2  are those of the platform's

12 ODY - '~(rad/sec).CG

- 2
13 ODZ (0(rad/sec )

z
2

14 ABX -X-input excitation (in./sec )
ABY - Yinut xciaton in.se 2  At time between

15 )B -nu xiainQ./e rn-u nevl
2 prnou inevs

16 ABZ -Z-input excitation (in./sec )

17-25 All, A12, ...A33 - A Matrix.

26,32,38,44 XPN -X relative* displacement of the Nth point of interest (in.),
where N =1,...,

27,33,39,45 YPN -Y relative* displacement of the Nth point of interest (in.),
where N -1,...,

28,34.40,46 ZPN -Z relative* displacement of the Nth point of interest (in.),
where Nw -I,..., 4

29,35,41,47 AXPN - X component of abiolute acceleration of the Nth point of
interest (in./sec ), where N-1,.4

30,36,42,48 AYPN - Y component of absolute acceleration of the Nth point of
interest (in./sec ), where N ~1..,

31,37,43,49 AZPN - Z component of abiolLute acceleration of the Nth point of
inteTest (in./sec ), where N 1,.,

*relative to thie Initial equilibrium conditions
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At the end of the time-history response data output, a table summaiizes

the maximum values of the response data. Data at TF are used as initial

conditions for the next case and are printed following the maximum response

data summary.

Program Initialization. To execute IS0L by itself, an input card with an

integer 4 in column 8 is needed before group 1 input. This program

initialization is described in Program ISIP. Option 14 (in columns 7 and 8)

can also be used instead of 4 if on-line plotting (no magnetic tape is re-

quired) or spectrum analysis follows.
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8.0 USER'S MANUAL FOR PLTSUB PROGRAM

Program Features. A fairly complicated plotting package was developed for

the shock spectrum and time-dependent variable plots. However, this program

must be through the ISIP program (to be described later) where data storage

and retrieval become automatic. The user requests the preferred plotter from

the plotter choice of ISIP.

Three distinct plotting programs are enclosed in PLTSUB to generate SC-4020

scope camera plots, the Calcomp pen plots and the line-printer plots. The

use of the first two, depends on the availability of these plotters in a

computer system. The line-printerhowever, is always present.

When the plotter is requested (see the first input card of ISIP), the

following will be executed:

a. Shock spectrum and the time-acceleration history of the synthesized

waveform will be plotted at the end of the WAVSYN/NWVSYN run. No

inputs to PLTSUB are required. Spectrum is plotted in log-log

scale and the time-acceleration history in a linear plot.

b. YUPLOT subroutine will be called by PLTSUB at the end of an ISL

run. Any of the 49 time-dependent variables computed by ISOL

can be plotted. Two or more input cards are needed.

c. Shock spectra and the time acceleration histories of the responses

requested in SPCTRM will be automatically plotted in log-log and

linear plots as in (a.). No inputs to PLTSUB are

required.

Figure 2-7 shows the flow chart of PLTSUB program.

Program Limits. The PLTSUB plotting package assumes on-line plotters

(SC-4020, Calcomp, and line-printer) are available in a computer installation.

With minimal FORTRAN changes, a magnetic tape can be created for generating

Calcomp or SC-4020 plots on off-line equipment.

Subroutines of PLTSUB. The PLTSUB has four subroutiness

a. YUPLOT - extraction of variables from ISOL output.

b. CPLOT 1, CPLOT 3 - Calcomp plotting package.

c. CPLOT 2, CPI4T 4 - SC-4020 plotting package.

d. CPLQT 5 - line-printer plotting package.
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All subroutines are written in FORTRAN V language and therefore ate easily

adapted to many computer systems. However, since many computer installations

may not have the SC-4020 plotting capability, an extra subroutine QLKLOC is

added to temporarily nullifv subroutines CP10T2 and 4 in the S(4020 plotting

package. A similar technique can be used to nullify subroutines CPLV'il ind

2, Calcomp plotting package.

YUPLO'I input Instructions. YUPL0I allows plotting of any dependent variable

versus time from a previous ISOL run. Input instructions for YUPLOT are

straightforward. Only one FORTRAN read statement is used in the entire

routine.

58 72) 6t93 3* 14*78 34691235897124567898)
*, I 1 I I I I 1

NUMI 1T(I), I - 1, 23 (2313) BLANK
(13)

,I I I I I1 I i1i

NUMI - Positive integer indicates the plot case number. A negative

integer terminates the input.

LOT k1) - Any of the 49 time-history data from an ISOL run; each card

allows a maximum request of 23 plots.

YI'PLOT Example Input. To illustrate the use of \1JPLVT, an example is

provided. Suppose we are interested in creating plots of the following

parameters computed by ISOL.

PL1 CASE I SC, ZC, AX, AZ, OX, ODZ vs TIME

PLOT CASE 3 YC, ODX, XPI, AZP1 vs TIME

three cards of (2413) format are required for this example run.

COL ENDING 3 6 9 12 15 18 21

Ist Card 1 2 4 5 7 3 13

2nd Card 3 "3 1.1 ?6 31

3rd Card -1

The first word of thI [vr-t card s viplot case number which is 1. The

lest .,rd of the first card ends at colimn 21 and is the dependent variable

V)DZ whi 1i i., tire 13th parameter of ' ' 9 ime-history parameters starting

with TJME, being the first parameter. Tie first word of the second card

is 3 (plot case 3) with similar parameter requests. The third card ha, only

2-47



One Word, NUMI neg. in Leger, which results ill proper trUiual ion ! 1 11,.

YUPLOT run.

Meitss&ktg s tL om 1ITSII . Ilir, 1 1 Ilet:-5ig( Ipt LoItI whlii plot I ill)-. i, l t 4.d
from sources other than YUPLO'. The dimensions in these subrouti ies ar,,

large enough that they will never go out of range. However, the maximum

table length allowed in any parameter of YUPLVT routine is 450. Should this

limit be exceeded, the execution will still proceed, except the plot points

for this particular plot request will end at the 450th point. A message

will be printed out at the YUPLOT output indicating the buffer has been

exceeded.

There are other messages from YUPL0T which may result from wrong

input data, etc. These messages are self-explanatory. At the end of the

run a message reading "END OF PLOT RUN" will be pr.nted. If this mes ,age

does not occur, there is something wrong with the input data and/or plotting

subroutines. The most likely source of error is the omission of the NUMI neg.

integer card.

Sample Plots. Figures 2-8 and 2-9 show two sample plots from a WAVSYN run,

using SC-4020 scope camera plotter (1PLT = 1).

Program Initialization. To execute PLTSUB by itself, an input card with an

integer 5 in column 8 is needed before group 1 input. This program

initialization is described in Program ISIP.
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9.0 USER'S MANUAL FOR SPECTRM PROGRAM

Program Features. The SHOCK RESPONSE program was developed to generate a

shock response spectrum from a given acceleration-time motion history. The

program has the following main features:

a. Acceleration amplitude can be in units of "g" or "in./sec2

b. Damped shock response spectrum can be produced by reading in the

required critical damping ratio.

c. Multiple problems can be solved with one run setup.

d. Different acceleration-time motion history can be used for each

problem run.

e. A linear acceleration method is used to solve the second-order

differential eouation.

Figure 2-10 shows the flow chart of the SPCTRM computer program.

Program Limits.

Frequency ranges 50

Frequency intervals within the range 50

Acceleration-time history data points 520

Integration time interval steps 12,000

The above limits can be expaned by changing the program dimensions as

long as they do not exceed the capacity of the computer core.

Shock Response Input Instructions. The input can be divided into six

groups. They are:

Group I - Time, damping and initial condition and input parameter controls

Number of cards = I.

12345678 1)123456 892)123 678931 4567894[234567! M)124567 81 4567 701234567898D
I I ~ I I BAN

TS TI d TH BET Xl V IT1, I 14 (415) BLANK
(F8.0) (F8.0) ( O) (F8.O) (F.0) (FS.0) I 1 1 (

TS - Starting time on time table. A dummy input variable. Actual input

value xot used.)
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TE - Ending time on tim& table. ( A dummy input variable. Actual input

value not usedJ

T11 - Integration time interval (suggest 1/10 period or lees of the highest

time/notion history frequency).

BET - Damping ratio.

XI - Initial displacement.

VI - Initial velocity.

LOT (I) - Up to 4 parameters from 190L run to be processed by SPCT1N.

Parameters 5, 6, and 7 are automatically Included.

- LT(1) - 50 for an independent SPORNU run.

Group 2 - Shock analysis constants

Number of cards 1.

I124 9 789 789 2S4H34)I24MI3iI234567SSSI234N7@8I3WBUV4GS

KiC) ID( L I r BLA)
( (15)15)(15

NF - Number of frequency range.

ICP -Number of residual vibration cycles (suggest three or less).

IDEL - Integration constant (suggest no less then five. A default value of

5 will be used if no input value Is $Iven.)

NT - Number of points on time table.

Group 3 - Frequencies on shock spect~um

Number of cards = NF, K - 1, NF.

1234567C PI1234 #892)123 67892)12345678MI2345669D234567S9S1I2346?63i12S4567SW

SSF(X V.51(K 1511K BLN
(78.0) (8.0) (FR.o)

SSF(K) - Starting frequency, Hz

EEF(K) - Ending frequency, Hz
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HU() - If NY > 2, HUP() is the linear frequency increment vithin the range

EEF(K)-SSF(K). If NI - 1, HHF(1) is the number of logarithmic

frequency intervals within the frequency range EEF(l)-SSF(l).

A default value of 100 intervals will be used if input value-ol

HHF(1) is less than five and NF is one.

Group 4 - Time table

Number of cards = (NT + 6)/7.

1234567891 234567$ 13456789 123486789 12450789 123456789 1234567897 23456789E)

11(), I m 1, T (7F10.2) BLANK

TT() - Time table (maximum of 520 data points).

Group 5 - Title and problem controls

Number of cards - 1.

124i67891)1234567692DIi3456i893i212356?4oI341676912M345 37893123467891 l234 7898)

TITLI(I), I a 1, 11 (1A.5) BLANK 1K LAST

TITLE(l) - Designation of the problem title.

1K - Read acceleration table in g if IK <O. Read acceleration table
2

in in./sec if IK>O.

LAST - Next problem has same time table if LAST - 1. Next problem has

different time table if LAST - 2. Last problem if LAST - 0.

Group 6 - Acceleration table

Number of cards = (NT + 6)17.

IM T)I6 123456789 34,56769 3456189 12467 3 7899 123456789 23456733

IT ,(). I a INT (7Vr10.2) BLANK

FT(I) - Acceleration table (maximum of 520 data points).
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Output Data. The output data from the program can be divided into two parts.

First part is the printout of input data which consists of the control indexes,

the frequency information on the required response spectrum, and the time table

and acceleration amplitude table of the input forcing function. Second part

is the printout of the calculated results. For each selected frequency point

on the required response spectrum, both the maximum displacement and acceleraLion

responses are listed.

Program Initialization. To execute SPCTRM by itself, an input card with an

integer 6 in column 8 is needed before group 1 input. This program

initialization is described in Program ISIP.

Comment. SKCTRM is an improved version of the shock spectrum analysis computer

programs, SHOC and SHOCA, originally developed by Parsons Company of Las Angles.

In SPCTRM, the input deck retains the original input format of SHOC/SHVCA, such

that the input deck can be executed in all three versions. Some obsolete input

parameters, such as TS, TE in group I input, remain in SPCTRM, and some input

parameters, such as HHF in group 3, may have additional definitions. Several

other input parameters become optional. and the computer program will automatical

supply optimal values if no input values are given.
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I0. ISER'S MANUAL FOR FOURIE AND FILTER PROGRAMS

Pr rm FeLttures. To estnblish [lhe amplificat il lati,, 'qU ii,'iiei I '1

.vut h'sized wnveit'-rm, as in the case (il WAVSYN, oi NWVSYN 1,. Iii'

time-motion histories used to generate the required spectrum

must be given. FILTER program is designed to determine, one at a time,

the amplitudes of the major frequency components of these time-histories.

By comparing the filtered results with the amplitudes of the response

spectra generated by these motions at the filtered midband frequencies,

amplification ratios can be established as a function of frequency. The

major frequency components of a time-motion history can be selected from

their Fourier amplitude spectrum. The FOURIE program was developed to

fill this need. Fourier amplitude versus frequency is plotted on a

line-printer for quick selection of the major frequency components.

Figure 2-11 and 2-12 show the flow charts of FILTER and FOURIE programs.

Program Limits. The calculated amplification ratio must be cotrected by

a modification factor for the low-frequency components. This factor is

necessary since the filtered results are accurate only for steady-state

responses and the duration of the input motion may not be long enough to allow

sufficient oscillations at low frequency. The FILTER program has no limit

on the number of frequency components which can be extracted, nor on th,

number of problems that it can process within one run setup. The maximum

number of data points on the input time-motion history is 1125, which

corresponds to a dimension array of 4500 each for TTAB and VIN. The maximum

number of the data points in FOURIE is 500. These dimension limits can be

expanded to larger values by changing the program dimensions, as long as

they do not exceed the capacity of the computer core.

FILTER Input Instructions. There are six groups of input data as follows:

Group I - Number of problems

Number of cards = I.

1234 567S9123456 7892lI2345678934123456789.1U4563S789I23456789123456789123456789w

ND BLANK
(14)
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FOUR IE/FIL'iER

ND - Number of problems.

G, OU 2 - l'it Ie

Number of 'ards - L.

Lq3456789DIZ3456789M)l 4567893D12345678940123456?898023456789OD123567891012 345678980

TITLE(l), I a 1, 12 (12A6) BLANK

TITLE(I) - Problem title. Any alpha-numeric data for problem identification.

Group 3 - Control indices

Number of cards 1.

134a ?8i [234 5789D234 $789201234567$4L23456789802S4567894DIZ456789,12US$T898)

NW NI NQ TH
(15) (15) ( FS) (10.5) BLANK

NW - Number of midband frequencies.

NI - Number of data points on time table.

IF NI = 0, time table is the same as the preceeding problem.

NQ - Printout option control.

IF NQ = 0, only the maximum response value is printed for each midband
frequency.

IF NQ * 0, time-motion history of filtered response at each midband
frequency is printed.

TH - Integration time interval. If TH 0 0, one-tenth of midband frequency

is used.

Group 4 - Midband, frequencies

Number of cards (NW + 7)/8

12345678910123456789Z[23456789 23456789E 123456789* 234567890 023456789- 12345678W)

I I ISMEGA(1, I 2 1, (FIO.)
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0MEGA(I) - Midband frequency, iz.

;roup ' - Time table. Omit this group if NI 0.

Number of cards = (NI ' 8).

12346678DD12i3456 892D123 68314567894 1234567 5)1L23456 895)1234 67891D1 34567895)

TDUM(1), I a 1, NI (9F8.O) BLANK

I I I

TDUM() - Input motion time table.

Group 6 - Amplitude table

Number of cards = (NV + 8)/9.

1234567891)12345 789Z)123 67893)1 456789 1234567 5)123456 895)123467891 52M67895)
II I

VDUM(I), I 1, NV (978.0) BLANKI I I ! .

VDUM(1) Input motion amplitude table.

NV = NI, if NI is non-zero

= NI of the last problem, if current NI = 0.

FOURIE Input Instructions. There are seven groups of input data as follows:

Group 1 - Program constants

Number of cards = 1.

12345 67891 234567892)123456789301234567894D123456789D123456789)123456789701234567898D

NF IDEL BLANK
(15) (15)

NF - Number of frequency ranges.

[DEL- An integration constant (suggest not less than five).

IDEL is automatically set to 5 if IDEL is zero on INPUT card.
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Group2 - Frequencies

Number of cards = NF.

133456789012345 57893D1235e789, 2345678MI23 ?89DI345678gji123456789701234567
8 98

SSF(K) l.FUK) HHF(K)
(F15.8) (F15.8) (F15.8) BLANK

SSF(K) - starting frequency, Hz

EEF(K) - ending frequency, Hz

HHF(K) - if NF of group I is greater than 1, HHF(K) is the linear frqiiency

interval within the rang,: SSF(K) to EEF(K), Hz.

- If NF of group 1 is 1, HHF(1) is the number of logarithmic intervals

within the frequency range SSF(I) to EEF(I), a real number.

Group 3 - Number of data points

Number of cards . 1.

234 789011234567892)12345678931234578940123456789W1I23456789)123456789012345678980

H) BLANK

NS - Number of data points for the shock motion and time tables.

Group 4 - Time constants

Number of cards = 1.

1234567891)12345*7892)123456789a1 2345678940I234 789g812345789(JI23456789')I23456789
T S 1 T 1 T L A N

(F15.8) (F15.8) (F15.8) BLANK

TS - Starting time for the time table.

TE - Ending time for the time table.

TH - Integration tiie interval.
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Group 5 - Time table

Number of cards = (NS + 8)/9

12345678 ID12345 78933234 6789331 456789D 2345678 W3123456 89OD1234 $67897012 34567893

TT(J), J 1 1, NS (F8.0) BLANK
S I I

TT(J) - Time table for shock motion, sec.

Group 6 - Title and run control indices

Number of cards = 1.

I2456789lD1234567892D1234567893L234567894D123456789W0L234169DI2346789Rt7 ID

TITLE WI, J a 1,12 (12A6) L13)(IJ

TITLE - Any alpha-numeric data used for problem identification.

LP - Repeat run control index.

If LP<0, repeat run starting from group 6

If LP = 0, end of normal run

LF Lp > 0, repeat run starting from group 3

IK - Motion input unit control.

IK = 0, Input motion unit in in/sec 2

1K = I, Input motion unit in g's.

,;roup 7 - Motion table

Number of cards = (NS + 8)/9.

12345678D 1123456 893)1234678931 45678941234567 I123456 8931234 67897012345678983

FT(J), J I, NS (9F8.O) BLANK

FT(J) - Input shock motion.

Repeat the above input group according to the run control index LP in group 6.
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FILTER and FOURIE Outputs. The output data for FILTER and F0URIE programs

contain the printout of the input data. In FILTER, the lower and upper

cutoff frequencies for each midband frequency are listed, and the output

is printed in three columns. The first column is the time table. The second

and third columns are the amplitude of the input motion and the filtered

result respectively. At the conclusion of the program the maximum amplitude

of the filtered motion is summarized with the time at which it

occurred.

In FOURIE, a Fourier amplitude table is printed at the end of the analysis.

This table consists of five columns. The first is the frequency, while the

second, third and fourth columns are the real part, the imaginary part, and

the phase angle of the real and imaginary components. The last column is

the modulus of the Fourier amplitude spectrum. The Fourier amplitude in

logarithmic scale is plotted against frequency.

Program Initialization. To execute F0URIE or FILTER computer program by

itself, an input card with an integer 7, for FOURIE, or an integer 8, for FLTER,

in column 8 is needed before group 1 input of either F0URIE or FILTER. This

program initialization is described in Program ISIP.
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11.0 USER'S MANUAL FOR ISIP PROGRAM

Program Features. The ISIP program integrates thu previout, nine j rugramn

(to be called subprograms in this section) into one package, and makes the

shock isolation analysis a continuous process. Data storage and retrieval,

and subprogram sequencing become automatic in ISIP. The principal features of

ISIP are:

a. An overlay computer program structure which eliminates massive

core requirements. 32,000 (decimal), equivalent to 76,000 (octal),

core word size is needed.

b. Reduction in input preparation due to automatic data storage

and retrieval among the sub-programs. For example, the number of

data points, and the time and acceleration tables generated by

WAVSYN are automatically fed into SYNS0L, and the user of ISIP

does not need to account for the number of data points in each of

these tables or where these tables are stored. The reduction of

input preparation also reduces possible human errors.

c. Automatic linking of subprograms in a sequential executable order

However, user can execute any particular subprogram, or he may skip

or terminate ISIP at any stage of the sequential run.

d. The interval execution order of the subprograms is important in

ISIP input preparation for a shock analysis of a rigid platform.

This order is:

ISOLIN

WAVSYN/ NWVSYN

SYNSOL

ISOL

PLTSUB

SPCTRM

FILTER

FOURIE
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PLTSUB, however, is also called to execute at the ends of WAVSYN/

NWVSYN, SYNSIL,and SPCThM, besides its present location after

1SOL. Subprograms FILTER and FOURIE are physically outside

this internal execution order, and they can be called to

execute individually only through ISIP.

e. Both WAVSYN and NWVSYN were originally programmed in ISIP. However,

in this manual, WAVSYN has be deleted and only NWVSYN survives.

Provision for the reinstatement of WAVSYN into ISIP, if needed, is

readily availble.

f. Automatic NWVSYN-SYNSOL, or NWVSYN-SYNSqL-WVTRAN runs are provided

for convience. In these combination runs, the output of the synthe-

sized waveform can be printed and punched in a variety of output

formats.

g. Automatic recycling of ISOL-SPCTRM run when ISIP is executed.

The analysis of a platform due to X-Z ground excitation is first

computed by ISOL, and the response spectra of various points in the

platform are analyzed by SPCTRM. This process is then repeated

for Y-Z excitation, and last, for an X-Y-Z excitation where X-Y
ground excitation is combined first to formulate excitation

arriving from a horizonal angle in the X-Y plane. This horizontal

angle, currently set internally at 45o, can be changed or varied

to cover any horizontal angle.

An abbreviated flow chart of ISIP is shown in Figure 2-13.

Program Limits. The limits of all subprograms are essentially the limits

of ISIP. In addition, the computer system must have the program overlay

capacity with six logical units (3, 11, 12, 13, 14 and 15). Without the

overlay structure, however, a core size of 300,000 (decimal) words would

be required.

ISIP Input Instructions. ISIP program reads only one program control card

and one problem identification card. The rest of the input deck is read by

the various subprograms. A comment card, optionally preceeded by one or

more blank cards, must preceed each subprogram input dect. These comment
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cards physically divide each subprogram input deck for easy identification,

and can have any message, such as, 'Input deck to ISOLIN' , 'INPUT to WAV'zYN'

etc. If the word "Skip" is punched in columns 1 throigh 4, in pl.i, ()f tle

comment card, that particular subprogram will be skipped. The woid "Finish"

punched in columns I through 6 will terminate a ISiP run. "FiiijshM is net

needed for a complete ISIP run setup, from lSOLIN through SPCTRM.

A detailed explanation of input instructions follows:

a. Input to 1SIP.

Number of cards = 2.

(1) The first card is as follows:

1234567671)12345323456789(123456789-)1234567898D

OPTN IPLT BLANK( 18 ) ( 18 ) AN

OPTN - An ISIP execution control index.

OPTN = 1, only ISOLIN is executed
= 2, only NWVSYN is executed

= 3, only SYNS0L is executed

= 4, only ISOL is executed

= 5, only YUPLT of PLTSUB is executed

= 6, only SPCTRM is executed

= 7, only FOURIE is executed

= 8, only FILTER is executed

= 9, NWVSYN and SYNSOL are executed

=10, NWVS'YN-SYNSOL..WVTRAN are executed (see page 2-25)
=11, an ISIP run, starting from ISOLIN

=12, an ISU? !un, starting from NWVSYN

=13, an ISIP run, starting from SYNSWL

=14,an IS]'i run, starting from ISOL

=15, an ISIP run, starting from PLTSUB

=16, an ISIP run, starting from SPCTRM
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IPLT - Plotting and plotter choice control index.

IPLT - 0, no plotting requested

- 1, plots, on CALCOMP pen plotter

= 2, plots, on SC4020 scope platter

- 3, plots, on line-printer

(2) The second card is an ID card. (Omitted if OPTN < 10)

I23456789D123456789D34S789s1gt3ss9 46789aD03486rgW4569nM2 56967

TITLE(1). I - 1, 12 (12A6) KA1

TITLE(I) - Problem title. This title will be used throughout

an ISIP run and its subprograms.

b. INPUT to ISOLIN

Input to ISOLIN begins with a comment card, then follows the entire

deck of ISOLIN input, except group I - the program title card.

(See User's Manual for ISOLIN Program)

c. INPUT to WAVSYN/NWVSYN

Input to WAVSYN/NWVSYN begins with a comment card, followed by

the entire deck of WAVSYN/NWVSYN input. (See User's Manual for

WAVSYN or NWVSYN). The user must synthesize the horizontal

waveform first, and followed by the vertical case. Currently,

only NWVSYN is in the ISIP run stream.

d. INPUT to SYNSOL

The only input card needed for SYNSL in an ISIP run is the comment

card.

e. INPUT to IS0L

The input stream begins with a comment card. The ISOL input portion

is as follows:
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ISOL individual run, (PMN = 4, See ISOL, as run through ISIP (OPTN _

User's Manual for ISOL Program) 11)

Group Group

1. Program title 1. Omitted

2. Control indices: 2. Only NA, NB, NC, NE and NF require
input values. Others - blank

NA, NB, NC, ND, NE, NF, NG,

NH NA - 1, System initially at rest.

(814) - -I, Initial conditon of group
11 will be read.

NB a 0,1 Linear spring/damper used.

- -1, Nonlinear spring/damper used.

- H, M extra spring/damper are to

be read in from card reader

(this will allow a user to

input horizontal springs/

dampers since IS4OLIN sizes

only the vertical spring

isolators).

NC a O, no excitation force input.

- 1, excitation forcing function

read in from SYNSL.

=-N, excitation force tables,

of length N, are read

in from cards as before.

NE - 0,1 4 points of Interest are

read in from ISOLIN.

= -K, IKlpoints of interest will
be read. Vt K5 4

NF, same input format as before.

3. Inertia data and coordinates 3. Omitted if NB - 0,1

Otherwise, same input format as before.

4. Coordinates of spring/damper 4. Omitted if ND - 0,1

Otherwise, game input format s before.

5. Data for short pendulums 5. Omitted
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6. Data for spherical plates 6. Omitted

7. Coordinates of points of 7. Omitted only when NE i K in

interest Group 2.

XP(1), YP(1), ZP(1) (4ES.O) Otherwise, same input format

as before.

8. Spring/damper characteristics. 8.

o Subgroup I o Subgroup I omitted

o Subgroups 2 and 3 o Subgroups 2 and 3 Omitted

when NB V -1 in group 2.
DF(J,I), J 1 1, NX(I) Otherwise, same input format
FS(J,I), J 1 1, NX(I) as before.

VD(J,I), J - 1, NY(I)
FD(J,I), J - 1, NY(I)

(lOE8.0)

9. Excitation tables 9. Omitted

10. Program constants 10. Must be input as before. The
plotting control index PLT is

TS, TF, DTI, DTP, TCP, DTEC, replaced by IPLT. Sea Input
PLT, DCGX, DCGY, DCGZ (IOES.O) to ISIP.

11. Initial conditions. 11. Obitted when NA k -1 in group 2.
Otherwise, same input format as

asl, ,0 ' V CDX, before.

XCBDY¥ X CBDZ (9E8.O)

f. INPUT to YUPLOT of PLTSUB

Input to YUPLOT of PLTSUB begins with a coment card, then follows

the entire deck of YUPWT input. (See YUFLWT input instructions in

the User's Manual for PLTSUB program). A coment card is needed

for YUPLOT even when no plotting is requested (IPLT in Input to

ISIP is zero).

g. INPUT to SPCTRM

Input to SPCTRM begins with a coment card, followed by groups 1, 2, and 3

of SPCTRM input (See User's Manual for SPCTRM). NT of group 2 is not needed.
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ISIP Output. The output of ISIP is almost identical to the conglomerate

sum of the individual sub-programs. The values of OPTN and IPLT are first

printed on a page. The ID card of the ISIP input is printed at the

beginning of each subprogram. An "end of input" statement is printed at the end

of each sub-program input list to separate the input from the computation

portion of the program. The rest of the outputs arriving from individual

sub-programs are self-explanatory.

A Sullested Procedure in Running ISIP. A user of ISIP may find it essential

to run WAVSYN or NWVSYN subprograms first, and repeat if necessary until the

synthesized waveforms are satisfactory. The input to WAVSYN/NWVSYN of the

satisfactory waveforms is then added to the ISIP input stream for a complete

ISIP run starting from ISOLIN. The initial runs would normally use the line-

printer or no plots at all. Plotting on a Calcomp plott.r is time consuming,

and should not be requested until the final analysis of the problem is completely

satisfactory. A complete run from ISOLIN to SPCTRM without recycling the

ISOL-SPCTRM loop, as discussed previously, will take 10 to 15 minutes of

computer time in most computer systems (IBM-360, CDC-6400, and UNIV-1108).

Twice as much time is needed when the IS6L-SCTRM recycling loop is included
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12.0 USER'S MANUAL FOR PLTFRM PROGRAM

Program Features. In this program a three-dimensional stiffness matrix nf

a flat, horizontal and un-restrained platform is assembled using the structural

finite element technique. Only the beam and linear spring elements are

presently employed. One end of the spring element is grounded while the other

end is attached to the platform. The stiffness of the beam element is modified

to include the stiffening effect of any top and bottom platform panels. The

system of units used is pound, inch, and second (lb., in., and sec.). A

stiffness matrix of the platform is developed and inverted to give the flexi-

bility matrix of the system.

The platform is described by its node points (or joints) where the beam

elements are connected. (See Section 5.2). The position of the node points

are defined by the coordinates of a X-Y-Z coordinate system. Six-degrees-of-

freedom (DOF) are associated at each node point with the following sequential

order:

DOF[(n-l)*6 + 1] = translational displacement (or force) along X axis

of the n-th node

DOF[(n-l)*6 + 2] = translational displacement (or force) along Y axis

of the n-th node

DOF[(n-l)*6 + 3] = translational displacement (or force) along Z axis

of the n-th node

DOF[(n-l)*6 + 4] = torsional displacement (or torque) about X axis

(ax axis) of the n-th node

DOF[(n-l)*6 + 5] = torsional displacement (or torque) about Y axis

(8y axis) of the n-th node

DOF[(n-l)*6 + 6] = torsional displacement (or torque) about Z axis

(0z axis) of the n-th node

Figure 2-14 shows the flow chart of PLTFRM computer program.

Program Limits

Maximum number of Node points 22 (for a 32K computer)

Number of beam and spring elements Unlimited

Material limitation (presently) Steel and Aluminum

Joints Rigid
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Platform and beam elements On X-Y plane

Node point identification number In sequential order, no missing node

Beam's length-to-thickness ratio 5 or more

The platform's boundary condition is un-restrained except through the

grounded ends of the spring isolators. The maximum number of node points is

increased to 37 (estimated) if a 64,000 (decimal) word computer is used, and

to 50 (estimated) for a 96,000 word computer. As a general structural program,

PLTFRM contains a minimum capability for finite element analysis. Further

improvement, with a more sophisticated matrix handling and reduction scheme,

could greatly increase the platform size limit (in terms of its node point

numbers).

PLTFRM Input Instructions. There are six groups of input data as follows:

a. Program option ind.ces

b. Project title or identification

c. Program control indices

d. Node point coordinates

e. Beam input data

f. Spring isolator input data

A detailed explanation of each group follows:

Group 1 - Program Option

Number of cards = 1

12345678 D12345678931D2345689 1345678941D4567Sw182346789M t3456789'12345678m j
( s ) I

OPTN - a 'i' in column 8 signals a PLTFRM run.

Group) 2 - Project Title

Number of Cards - 1

ID(I), 1-1, 12
(12A6)

Any alpha-numeric data can be inputed in columm 1 through 72 on this card.
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PLTFRMI

START
E FROM LABELED COON:

OPTN, AND OTHERS CONTROL INDICES

READ: NO. OF NODE POINTS NNP, NO. OF BEANS NBEL,
NO. OF SPRINGS NSEL, AND MATRIX SIZE CONTROL

READ: NODE POINT COORDINATES

BEA LOOP:

READ: ENGINEERING DATA FOR A BEAN

COMPUTE: BEAN ELEMENT STIFFNESS MATRIX

-t- 
t[.,E : ,LOA ORIATFE S YT E M MATRIX CODNT

oM A LATOT ,NO ,TRANSFOMATIXON i

ES

Figure 2-14. Flow Chart of PLTFRM Program

2- 74!



Group 3 - Control Indices

Number of cards = I

11345878 00123450 892)123*67 893D3 34567894)1234567 898D1234567896DI234567 89701234567 898D

NNP - Total number of nodes used in the platform system (must equal the

largest node number)

NBEL - Total number of beam elements

NSEL - Total number of spring elements

NSIZE - Matrix size printout control:

Matrices bigger than NSIZE are not printed,

Matrices are not printed if NSIZE = 1.

Default value = 36.

Group 4 - Node Point Coordinates

Number of cards = NNP

12345678 )12345 789D1234 $67893DL23567894123456789)t23456789)1234567897123456789)

NP XC YCB
(1) (78.0) (F8.0) DN

NP - Node point number, integer, 1 through NNP

XC, YC - X and Y coordinates of NP, in. (Z coordinate of NP = 0)

Group 5 - Beam Input Data

Number of cards = NBEL

1 35 01)12345 7892)1234678932 MY *1458 2)12345 7898)123456789701 4667898)

1 12i A Ci C2 wi W2 T1 T2
. (8.0) (78.0) (18.0) (78.0) (F8.0) (F8.0) (F8.0) (F8.0)

Nl, N2 - First a-d second node ocirts of the beam elements.

MAT - Material selection:

ST for stoel

AL for aiuminLum

** indicates that the current beam is identical to the

previous one. Input data for the rest of this card are

not needed.
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Ii, 12 - Area moment of inertia about 1-1, and 2-2 axis, in4

Ais 2

Top I

C
*5i6 1---- le1

Axis o I Axs

Bottom I.'-44.4 FH
Plt T2

Min 2

A - Crossectional area, in
2

CI,C2 - Distance from neutral axis to extreme most fibers of beanis, in.

(See diagram abuve.)

WI,W2 - Beam lor ir -. !L wiiths, in. (See diagram above.)

TI,T2 - Top - ,- ,esses, in. (See diagram above.)

Group 6 - Spri 1:,

(Omit this gru, .

Number ot tlr'-

1234567 1)12345__ 92 230G7 "Zt*U447 0424678 D12345 7890D123456789701234567 898D

N3 / u KI 14 1t 3 R6 l . ,

(18) (PS.o) (P6., .. (.0) (P6.0) (78.0)

N3 - Nude p i.um. pLIa: tor where spring attaches

NOIi,: Tne other enO of spring is attached to ground.

RI, R2, R3 - Translational spring rates along X, Y, Z axes of the platform

system lb/in

R4, R5, R6 - Torsional spring rates about X, Y, Z axes of the platform

system in-lb/rad

essages of PLTFRM . Warning messages are printed if there are input errors.

Messages include:

Maximum node points are exceeded

* Node points are not in sequence (i.e., there is at least one missing

node).

Material selection error

'Stop 777' ic printed out if the stiffness matrix ha, no iverse
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PLTFRM Output. The program output is in the following order:

Project title

Group 3 input data

Node point coordinates

* Stiffness matrices of input beam elements

Spring rates of spring isolators

Platform stiffness matrix

The flexibility matrix of the platform is not printed by the program. The

matrix is recorded on logical unit 14, for later use.

PLATFORM Boundary Conditions. In order that the stiffness matrix of the plat-

form structure can be inverted to give the flexibility matrix, as required by

FV(US program, the platform must be constrained, through the use of the spring

isolator elements, to eliminate the presence of the rigid body modes. A

message - "Flex. matrix in doubt" is printed if the Inversion proce,,, is in

error due to matrix singularity.
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13.0 USER'S MANUAL FOR FV0US PROGRAM

Program Features. The free vibration of an un-restrained structur,, is .iiayze-d

in FVOUS by the normal mode technique described in Section 4.4. FVOUS accept:;

either the mass and spring input data for a rigid platform analysis, or the

flexibility matrix of a non-rigid platform from any structural program such as

PLTFRM. A linear shock isolation system is assumed in both cases. Figure

2-15 shows the flow chart of FV0US.

Program Limits

Maximum degrees-of-freedom 132 (for a 32K computer)

222* (for a 64K computer)

(*Estimated) 300* (for a 96K computer)

Number of weight points 144

Number of springs Unlimited

Maximum number of normal nodes 20

Maximum data points on spectrum 20

tables

Nine response spectra are input in one analysis. Three response spectra

are in each of the three principal directions with three damping values of

0%, 5%, and 10%.

FV0US Input Instructions. The input can be divided into nine groups. They are:

a. Program option indices

b. Project title or identification

c. Weights, their coordinates and moments of inertia with respect to

X, Y, Z axes.

d. Spring constants and their attachment coordinates

e. Flexibility macrix

f. Inertia matrix or lumped weight

g. Program control indices

h. Frequency table

i. Shock response tables in X, Y, Z directions corresponding to

given frequency table

Group i - Program Option

Number of cards = 1
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FVOUS

I FROM LABELED CO M40N III

OPTN, NR, NS, NO

(FLEX. BODY DYNAMIC) E:'(RIGID BODYDYNAMIC)

NO YES

READ: FLEX. MATRIX FROM LOG.UNIT I4, AND READ: WEIGHTS & WEIGHT COORDINATES
INERTIA MATRIX FROM CARDS IF NS=-I

READ: 0PRINA AND IRRING AR FMDNENT
READ: BOTH FLEX.AND INERTIA MATRICS FROM CRDINATESLOG.UNIT 14 IF N3 = 0

READ, 80TH FLEX.AKO INERTIA MATRICES FROMt

CARDS IF NS = I WHITE: INPUT DATA ON WEIGHTS &
J SPRINGS

ANDI BODE SHAPES!E]

CWRITE: FLEX. AND INERTIA MATRICES OF SIZE NO FREERSN UTIFFNE
INERTIA MATRICES

.................... INVERT STIFFNESS MATRIX

[TO GIVE FLEX. MATRIX

C .PUTE: M SETS OF RESNANT FREQUENCIES a
AND MODE SHAPES

SREAD: NC SETS OF INPUT SHOCK SPECTRA, EACH OF LENGTH NTL
i!

COMPUTE: TRANSIENT RESPONSE USING

NORAL MODE TECHNIQUE
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FVOITS

M366? ,11234, 789DI234 67892) 456?64fl234567021S56789,ss6)4567891L)23456789

O 61 NR NS N BLANK(I8) (18) (16) (I8) LN

OPTN - A '2' in column 8 signals a FVOUS run

NR - Choice of rigid (NR = 0) or non-rigid (NR = 1) structural analysis

NS - Flexibility matrix retrieval control

-1, matrix in core

0, matrix read in from logical unit 14

1, matrix read in from card reader

- Dimension of flexibility matrix

NOTE: No input for NS and No if NR = 0

Group 2 - Program Title

Number of cards = 1.

123456789bD1234567892)234567893D123456784)123456789DI134567896123456789 02 B4567898D

X( -), 12 BLANK
(12A6)

Any alpha-numeric data can be used as an input starting with column I thru

column 72 on this card.

Group 3 - Weights, Weight Coordinates and Moments of Inertia

(Omit this group through group 6 if NR - 1)

Number of cards - up to 144

123456789 Li234567891123456789 234567894012345678950123456789f 23456789 234567898)

A(1) XM(1) I(K) Z(K) AX(.) (11() ANz() BLANK(Flo.o0) MnOMo 010.8) (T1.0~) 010.0) MnOMo MOMo

AM - Weight of each mass point, lb.

XM, YM, ZM - X, Y, Z coordinates of AM, in.

AMX, AMY, AMZ - Moments of inertia of AM with respect to X, Y, and Z axes

Group 4

Number of cards = 1

A blank card signals the end of ground 3.
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Group 5- Spring Constants and Spring Attachnieint Coordina:es

Number of cards = no limit

12345678910123456789 0234567893 0234567894 0234567890 t23456789 I23456789)D234567898W

AK XA XB YA YB ZA ZB
((1..) MOM MO) GO (710.0) (F1o.0) (710.0) BLANK

AK - Spring constant

XA, XB - Coordinate of spring at both ends in X direction ,Point A on

YA, YB - Coordinate of spring at both ends in Y direction Platform, B)

ZA, ZB - Coordinate of spring at both ends in Z direction on ground

Group 6

Number of cards = 1

A blank card signals the end of ground 5.

Group 7 - Flexibility Matrix

(Omit this group and next if NR = 0)

(Omit this group if NS = 0)

Number of cards = (NO*NO)/6

123456789D|1 ]4567892)1234 67893DI23456V894)D1346678 L34567896 2346789I 56789w)

AK(I. J), I-!, NO, J-1, NO BLANK
(6EI2.8)

AK - Flexibility matrix

Group 8 - Lumped Weight

(Omit this group if NS = 0)

Number of cards = NO/6

123456789I123456789Z 234567893234567894 1234567895[23456"89 23456789 234567898D

AM(1), I-1, No BLANK
(6F10.0)

AM - Weight and moments of lanrtia with respect to X, Y, Z axes,

ibs ano IU-in--eec'

Group 9 - Program Control Tndices

Number of cards = I
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1234567D)D123456 89)1234 67892)12345678941234567893D12345678931234567890|23456789a)

N1M NTL NC iBLANK

(i8) (18) (18)

NH - Number of normal mode to be computed

NTL - Number of points on shock spectrum

NC = 0, No spectrum is read in.

= M sets of spectra will be read in. (A set consists of 9 spectrum

tables as discussed in "Program Limits".)

Group 10 - Frequency Table

Number of cards = (NTL + 8)/9

1 345478 3)123456 892)1234 6789301 45678 567 012345 89123 6789"012 34567 8980

CPSTAB (I), I. NTLBA
I (98. 0)

CPSTAB - Frequency table, Hz

Group 11 - Spectrum Displ. Amplitude Tables

Number of cards = 9*((NTL +8)/9)

12345678)D123456 892D1234 i i7893oIi67894 678 5012345 78931234 56789701234567898D

TADOX (1), I-i, rT BLANK± 1 ~~1 (918.o) I _____I I ______

1234567 3123450 892D1234 9UOU6 (789180) 34567 D123456 89GDi2456789M1 |45678953

TABOT (1). 11, fTL BLANK

156719012468DI3 5 67882)1 456789 1234567 50123456 895D1234 SO78972 346567 8983

TABOZ (1), 1-1., WTh BLANK

1234567 ) 412345 892)123 67892)l45678 234567 79123 851 6789ID12 4567898D

TAB5X (1), 1-1, NTL BLANK
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I134678 DD123456189312I34 67 893)1 4567 89234567 123 12 6 SI1 4567898D

TAB5Y (1), 1-1, NfL
0 F a 0? BLANK

123567 DD1245789)12 G~q3D~k56789!4234567#!12345 7896DILM67891012 4567898D

(I) , 1-el, NTL BLANK

II(9F8. 0) I __

t ITAB1OX (1), 1-1. NT!. BLANK

12351 23561 893)123 67893)1 4567894 234567 5012345 S9W1 n46789) 467898D

TA310Yf (1), 1-1, NTL
I ~~~~(9,F8.0) I________

12467DD235a92I23467B3D14.5788 234567!fSD12345G789CW123 678901234567898D

TAB1CZ (1), 1-1, NT!. ELANK

TABOX,TABOYTBOZ Shork SPeCtrUn. Zamplit LL,. ',, Y, Z J irect Lons f ,r

ze I damp i -IL.

TAB5X,T:1.35Y, 5 B Shuck 5s( f ,--un .JtIdUU n Xi, Y. an I Z dtirections fur

TABlOX,TAB1OYTkI) Shock Spcrmamplitudesi in X, Y, and Z directions

Ut iti Ou; : pro ;ram :an ") .iiI1 into two parL:.. fhe

fIrst paILi h ic.it f tim a.4 data amn ciwacin pairt 1-s L110 ix

ofCa I-UL e, -t t, . 1. resul t.- -- i d intoL 111IC~ groups.

7 ou ci.- (b a 'A rigi I oodv m-tions only.

-p Y ,ir rig,.u coody motions onlv.

-, - or rlpiJd hody motions only.

'r , '4' x )r I it.,o~ ~ boIv motiiw n lv

arc~~ *-:tr odv mot-ions onsly.



FVOI;S

Group b Eignevectors (NM sets).

Group 7 Participation factor (IV sets).

Group 8 Orthogonality clieck (NM x NM).

Group 9 Response data. For rigid body motion, tHie iograim print. out

the relative displacements and absolute accelerations of the

C.G. in X, Y, Z directions and the angular displacements and

accelerations of the system with respect to X, Y, Z axes

passing through C.G. For flexible body motions, the program

prints out the relative displacements and absolute accelerations

of each mass point in the X, Y, Z directions and the atigular

displacements and accelerations of the system with rospect to

the X, Y, Z axes of the mass point.
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iSIP2

14.0 USER'S MANUAL FOR ISIP2 PROGRAM

Program Features. ISIP2 is an overlay computer program automatically linking

the PLTFRM and FVOUS programs for non-rigid platform analysis. Figure 2-16

shows the overlay structure of ISIP2.

ProgramLimits. The program limits are the same as those in PLTFRM and FVUS.

ISIP2 Input Instruction. The input to ISIP2 is the combination of the input

to PLTFRM plus that to FVOUS, except the group l's of both programs, and group

2 through 7 of FV0US are not used. A new group 1 input, with a '3' in column

8 (one card), preceeds the combined input deck, signaling a ISIP2 run.

Number of cards = 1

12345678 D123456789ZDI23456789301234567894012345675950i23456789O01234567897012345678980

O PTH LN

QPTN - A '3' in column 8 signals a ISIP2 run.

ISIP2 Output. The output of ISIP2, including any warning messages and

computed results, are the combined outputs of PLTFRM and FVOUS.
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LINK 0:

READ: OPTM, MR, HS, NO

OPTH = 3 MR =1
YES

No

IFiCATION

WRITE: IDENT. & OPTION
LINK 2:
LINK 2*1

CALL FVOVS
OPTH = 2 YES SUBPROGRAMYES

No

LINK 1:

tLOINK

CALL PLTFRM
SUBROGRAM

OPTN 3 NSYESYES
No

REPE T
YES r

NO

END

FLgure 2-16. Flow Chart of ISIP2 Program
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PART III

ISIP AND ISIP2 PROGRAM L[STIN(A

SECTION 1: ISIP LISTING
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,n ISIP Example.

An example is presented to illu.trate a complete platform analysis

using ISIP. A platform, supplied by BD&M Company of New Mexico, 16' Vi',

is to be located in the second floor of the MSC Building. The floor to

ceiling height is 21 feet. The platform is to be pendulum mounted flom

the ceiling. Three feet of clearance from floor to platform, and a platform

thickness of three feet are assumed.

A twelve spring/damper arrangement was judged adequate for this platform.

The vertical design frequency of the shock-isolated platform and the

critical damping constant of the isolator system are assumed to be 1.4 Hz

and 0.05 respectively. The spring/damper locations and the equipment weights,

mounted on the platform, are shown in the following diagrams.

B D & M PLATFORM (16' X 33')

FRONT VIEW PLAN VIEW

C5EILING 6"

4o " b. 4. '&
180 0 ~ Ob 0

4 700 Lb. +' 9 I 16

II 138

EQIM10 + 700 1b. + + 162

+LTR +7001Ib. + + 1y b 38"

S102"1

0 SPRINC/DM4P18 ATTALIIMENT PD1NT

.4- EiqUIl'MNT WEIGHT, IDiENTICAL ARRAYS

4-60
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,i;IUN 10: EXAMPLE TO LS1P2

A platform, 300" x 400", is constructed by 12 WF 106 structural steel beaus

as shown. The platform is supported vertically by six spring-isolators at

nodes 1, 4, 10, 13, 19, and 22. All nodes along the platform edges are

loaded with a concentrated weight of 1500 lbs. each. The inner nodes (6,7,11,

12, 16, and 17) are loaded with 2000 lbs. each. Spring-isolators are provided

at nodes 9 and 14 to eliminate possible platform rigid-body modes. All joints

are rigidly welded. A top and a bottom covered plates, 0.25 inch thick each,

are welded to the beams.

44 100"- 400 ,
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